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GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation is organized in the following manner: a general 
introduction including literature review and research rationale and 
objectives, four papers prepared for publication in scientific journals, 
a general summary, references cited for literature review section, and 
acknowledgements. Each of the four papers are organized into an 
introduction, materials and methods, results, and discussion specific 
to that experiment. The first paper presents the field, greenhouse, and 
laboratory functional responses of Coleomegilla maculata fourth 
instars to Colorado potato beetle eggs. The second paper addresses the 
foraging behavior of C. maculata fourth instars feeding on Colorado 
potato beetle eggs. The third paper discusses the developmental 
response of C. maculata when feeding on Colorado potato beetle eggs. 
Finally, the fourth paper addresses the reproductive response of C. 
maculata females to Colorado potato beetle eggs. The first and second 
papers were prepared for submission to Biological Control and 
Entomologia Experimentalis et Applicata, respectively. The third and 
fourth papers were prepared for submission to Environmental 
Entomology. References cited in the literature review and the papers to 
be submitted to Environmental Entomology follow the format of the 
Entomological Society of America whereas those in the first two 
papers follow the guidelines of their respective journals. 
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Literature Review 
Introduction 
Biological control is part of the broader overall phenomenon of 
natural control which includes the actions of all environmental factors, 
both physical and biological, in the regulation or governance of average 
population densities (DeBach 1964, Huffaker et al. 1971, Price 1975, 
Huffaker et al. 1976, Huffaker et al. 1984, DeBach and Rosen 1991). 
Biological control focuses solely on the biotic factors and is 
based on the premise that the densities of many insect pest species can 
be reduced, and in some cases regulated, by their natural enemies 
(predators, parasites, and pathogens) (Huffaker et al. 1971). 
The objective of this literature review is to discuss the 
relationship of biological control of insects to the concept of natural 
control and regulation of populations, with emphasis on predation in 
agricultural systems. 
Natural control 
Natural control may be defined as the regulation of populations 
within certain, more or less regular, upper and lower limits over long 
periods of time by one or a combination of natural factors (Huffaker et 
al. 1976, Huffaker et al. 1984, DeBach and Rosen 1991). 
Such factors have been classed into two groups, biotic (living) 
and abiotic (non-living). Rarely do these groups act independantly. 
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although either one may be the regulatory factor largely responsible for 
a particular density in a given situation (Huffaker et al. 1971, Huffaker 
et al. 1976, Huffaker et al. 1984, DeBach and Rosen 1991). 
The main factors involved in natural control of insect species are: 
natural enemies (i.e., parasites, predators, and pathogens), weather and 
other physical factors, food (quantity and quality), interspecific 
competition (other than natural enemies), intraspecific competition, 
and spatial or territorial requirements (Huffaker et al. 1984, DeBach 
and Rosen 1991). All of the factors mentioned are important, and some 
of them are capable of regulating the population density of an organism. 
However, their mode of action is not the same, and the natural control 
of a given species may differ between different habitats or even 
microhabitats (Huffaker et al. 1984, DeBach and Rosen 1991). 
The main distinction between these factors is that some 
environmental factors, such as physical factors, are density-
independent, i.e. the severity of their effect is not directly related to 
the density of the population upon which they operate; whereas others, 
such as natural enemies, are density-dependent, increasing in intensity 
and destroying a larger proportion of the population upon which they 
operate as the density of a population increases, and decreasing in 
intensity as density decreases (Varley et al. 1973, Huffaker et al. 
1984, DeBach and Rosen 1991). 
Both density-dependent and density-independent processes may 
act to limit population growth, whether through reducing natality or by 
increasing mortality. However, their role in reducing population 
densities should not be confused with their potential role in population 
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regulation, i.e. in the maintenance of a dynamic equilibrium of 
population densities. Only a directly density-dependent factor, capable 
of responding to changes in population density can regulate a 
population, as some natural enemies do (Varley et al. 1973, Huffaker et 
al. 1976, Huffaker et al. 1984, DeBach and Rosen 1991). The more 
reliable, efficient regulating natural enemy is one that has a reciprocal 
density-dependent relation with its host or prey. That is, the host is 
regulated by its enemy, and its enemy in turn is limited by the number 
of hosts (Huffaker et al. 1971). 
The density-dependent regulation of population growth arises 
from the fact that as populations increase in size, at some point they 
use up or fully occupy the resources they need, or defile the places in 
which they live. They also may attract and generate, as a result of their 
own increase in density, elements in the environment or in the 
populations themselves that are detrimental to them (waste products, 
predators, parasites, disease, mutual interferences, or deterioration in 
quality) (Huffaker et al. 1971, Huffaker et al. 1976, Huffaker et al. 
1984). 
Some populations are regulated at very stable levels while the 
range of the variation in numbers Is much greater for other species. 
Those species in unstable environments, as occur in many 
agroecosystems, may show wide variation in numbers (Huffaker et al. 
1971, Huffaker et al. 1976). Perennial crops such as fruit and forest 
trees permit continuous interactions between natural enemies and 
hosts or prey without the ecological disruptions associated with 
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harvesting and plowing in annual field crop systems (Huffaker et al. 
1971, Varley et ai. 1973, Price 1975, Hassel 1978). 
Certain other factors, although not directly density-dependent, 
may act in a density-dependent manner. For example, weather effects 
on population size may be associated in a density-dependent manner. 
The way weather acts to regulate insect population densities is by 
interacting with other physical or biotic aspects of a habitat. For 
example, severe weather operates to restrict the number, size and 
quality of inhabitable spots in a given habitat, and may produce its 
results by direct effects on food or shelter or by increasing 
competition for such requisites. However, weather in itself is not 
density-dependent (Huffaker et al. 1984, DeBach and Rosen 1991). 
Biological control 
Biological control in an ecological sense can be defined as the 
control, probably regulation, by natural enemies (parasites, predators, 
and pathogens) of another organism's population density at a lower 
average than would otherwise occur. Fluctuations about the mean are 
expected, and may either be large or relatively small (Huffaker et al. 
1971, DeBach and Rosen 1991). 
Effective natural enemies regulate prey or host populations 
because they act in a density-dependent manner. A negative feedback 
process between population density and rate of increase is involved. 
This reciprocal interaction results in regulation of the enemy's 
population, because as it reduces the host or prey population during one 
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phase of the cycle it necessarily reduces its own population. Then, as 
its repressive pressure reaches a minimum and the host or prey 
population again increases, the enemy population correspondingly 
increases until it again overtakes the host and the cycle is repeated 
(Huffaker et al.1971, Huffaker et al. 1976, Huffaker et al. 1984, DeBach 
and Rosen 1991). 
These changes in a natural enemy's population density with 
variations in prey or host density are referred to, in biological control, 
as the numerical response. Such response results from the effect of 
prey or host availability on the reproduction, survival, or development 
of natural enemies and may be enhanced by the tendency of many 
natural enemies to aggregate to an area of prey or host abundance. In 
addition, part of the density-dependent action of natural enemies can 
derive from the functional response, which is defined as the change in 
attack rate per natural enemy with variation in prey or host density. As 
prey or host density increases, each individual natural enemy spends 
less time searching for it, thereby attacking more prey or hosts 
(Solomon 1949, Moiling 1961, Price 1975, Hassel 1978, Hughes et al. 
1984, Luck 1984, DeBach and Rosen 1991). 
Such reciprocal interactions result in the establishment of an 
average population density or "balance" in a given habitat or area. 
Although the concept of density-dependence explains how natural 
enemies regulate prey or host population, it does not explain the level 
of the average population density. The balance may occur at high, low or 
intermediate population densities. The determination of this level is 
based on the inherent characterisics of the natural enemy and prey or 
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host, and secondarily with how these capabilities may be affected by 
adverse environmental conditions (Huffaker et al. 1971, Huffaker et al. 
1976, DeBach and Rosen 1991). 
The main characteristics pertinent to the efficiency of a natural 
enemy are: (1) its adaptability to the varying physical conditions of the 
environment, (2) its searching capacity, including its general mobility, 
(3) its power of increase relative to that of its prey (host), (4) its rate 
of prey consumption, and (5) other intrinsic properties, such as 
synchronization with prey host life history, host specificity, degree of 
discrimination, ability to survive host-free periods, and special 
behavioral traits which may alter its performance as related to density 
or dispersion of its host (prey) and its own population (DeBach 1964, 
Huffaker et al. 1971, Price 1975, Huffaker et al. 1976, DeBach and 
Rosen 1991). The searching capacity is considered to be the most 
important quality for an effective regulating natural enemy, especially 
in relatively stable environments, while the intrinsic rate of increase 
is important in unstable environments (Huffaker et al. 1971, Huffaker 
et al. 1976, DeBach and Rosen 1991). 
Predation is one of the common mortality factors to which 
organisms are exposed and one of the several factors that appear 
important in the structuring of biological communities (Huffaker et al. 
1971, Price 1975, Huffaker et al. 1976, Luck 1984, DeBach and Rosen 
1991). Predators are generally recognized as a significant biotic 
mortality factor of pest populations. There are many sources of 
supporting evidence for predation as a regulating factor (see Price 
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1975, Huffaker et al. 1976, Hassel 1978, Luck 1984, Wiedenmann 
1990). 
The great majority of successful biological control introductions 
have involved rather highly prey-specific predators. However, 
polyphagous predators are very effective biological control agents in 
annual crops and tend to serve in overall community balance (Huffaker 
et al. 1971, Huffaker et al. 1976). Generalist predators have numerous 
biological characteristics that may be advantageous in disturbed 
habitats. For example, in disturbed situations such as annual crops 
where the prey species is frequently depressed by many factors, a 
highly prey-specific predator will suffer most, whereas a more 
generalist type predator will maintain itself on other species, and may 
respond to a given pest species when it starts to increase again 
(Huffaker et al. 1976). However, since a polyphagous predator may be 
adapted to use many prey species, it would not be an efficient 
regulating agent, compared to a monophagous predator (Huffaker et al. 
1971). 
Although predators are very important in biological control and 
thereby in natural control, limited attention has been given to the 
actual details of searching and prey selection behavior of predators 
(DeBach and Rosen 1991). In the following section, predation in 
agroecosystems as it relates to biological control of insect pests, 
focusing on generalist predators, will be discussed. 
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Predation in agricultural systems 
Arthropods serve as prey to an enormous array of predatory 
animals, ranging from other arthropods to various vertebrate species. 
Some of the latter have been occasionally used in the biological control 
of arthropod pests. However, of greatest importance in biological 
control have been various insect and acarine predators, especially 
coccinellid and carabid beetles, lacewings and hemipterans, as well as 
phytoseiid mites (DeBach and Rosen 1991, Van Driesche and Bellows 
1996). 
The impact of predaceous arthropods in natural communities and 
agricultural crops has received more attention in recent years. The 
importance of predators as controlling agents is becoming clearer, 
based on ecological investigations and experiments (Price 1975, Hagen 
et al. 1976, Huffaker et al. 1976, Hassel 1978, Huffaker et al. 1984, 
Luck 1984, DeBach and Rosen 1991). 
Predatory arthropods are very common in annual crops; for 
example, estimates of the number of predatory species range from 500 
to 1000 in soybeans (Whitcomb 1974, Whitcomb and Godfrey 1991). The 
effects of these natural enemies on pest population dynamics can be 
observed through inappropriate insecticide use that results in pest 
resurgence or secondary pest outbreaks (Huffaker et al. 1976, DeBach & 
Rosen 1991). Even though hundreds of predatory species are found in 
annual crops, there is a relatively small group of predators that are 
consistently found in row crop agroecosystems (Elvin 1983, O'Neil 
1984). This common group of predators suggests that these predatory 
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species share adaptations that provide for their existence in annual 
cropping systems (O'Neil and Wiedenmann 1987). 
Even though predatory arthropods are important elements of many 
pest management programs, there have been relatively few studies of 
the mechanisms of their dynamics in and adaptations to annual crop 
environments (Luck et al. 1988, Karieva 1990). 
One key to understanding how predators maintain populations in 
annual row crops is to identify how predators find prey and how they 
use prey to reproduce and survive (Hassel 1978, O'Neil and Wiedenmann 
1987, Karieva 1990). As already mentioned, among the factors that 
determine the success of predators in annual crops are the predators' 
responses to changes in prey populations. Individual predators can 
respond to varying prey populations by changing the number of prey 
attacked, the functional response (Solomon 1949). Additionally, 
predators may respond by varying the rate at which they develop, the 
developmental response, depending on prey consumption (Murdoch and 
Oaten 1975). Predators also can respond to varying prey populations by 
changing the size of predator populations, the numerical response 
(Solomon 1949). These responses are interconnected, for example, the 
functional response will influence the developmental and numerical 
responses (Oaten and Murdoch 1975, Price 1975). 
Another attribute that may determine predator success in crops 
is their search strategy (Price 1975, Hassel & Southwood 1978). Search 
strategies have been defined as sets of rules of scanning and movement 
that result in successful prey capture (Smith 1974). Natural selection 
would be expected to favor individuals that use a search strategy that 
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results in the most efficient prey capture (Morrison 1978). The 
particular search strategy employed will determine the functional 
response and, as a result, will influence the numerical and 
developmental responses. Thus, the persistence of predators in any 
habitat will be based on the search strategy used by a predatory 
species (Huffaker et al. 1971, Price 1975, Huffaker et al. 1976, Hassel 
1978, Luck 1984, Wiedenmann 1990, DeBach and Rosen 1991). 
Rationale and Objectives 
A relatively small group of generalist predators (e.g. Chrysopidae, 
Coccinellidae, Nabidae, Pentatomidae, Anthocoridae, and Lygaeidae) are 
consistently found in a diversity of annual crops. Having adaptations to 
living in crops means that predators have life history characteristics 
that enhance their survival in annually disturbed crop habitats. 
Depending on the crop, prey populations are often temporally 
unpredictible, with prey being scarce at some times and plentiful at 
others. Because the types of prey also change over time, predators in 
crops are continually faced with shifting prey populations that can 
result in periods of food shortages. Predators that persist under varied 
prey levels, sun/ive periods of scarcity, and take advantage of prey 
when plentiful. In contrast, predators that are closely linked to a 
particular prey species, or cannot survive periods of starvation, may 
find the crop habitat unsuitable, and thus would not be consistently 
found there. 
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The same predators are found in a broad area of the United States 
and in different crops, suggesting that they may share a critical set of 
adaptations that provide for their persistence in crops (O'Neil and 
Wiedenmann 1987). Identification of these adaptations would increase 
our understanding of how predators maintain populations in crops, and 
the effects of cropping practices on predator performance. Even a small 
assemblage of predatory species could have a great number of 
adaptations to crops. However, the importance of predator search 
strategy, and subsequent effects on a predator's life history strategy 
warrant investigation. 
A comparative study of Coleomegilla maculata Degeer 
(Coleoptera: Coccinellidae) and Podisus maculiventris (Say) (Hemiptera: 
Pentatomidae) as predators of the Colorado potato beetle, Leptinotarsa 
decemlineata (Say) (Coleoptera: Chrysomelidae), in potatoes, offers a 
model system to study predation. These two predatory species are 
common in a number of crops (Warren and Wallis 1971, Hodek 1973). 
Podisus maculiventris attacks a wide variety of prey, particulary 
Coleoptera and Lepidoptera larvae (McPherson 1980). Coleomegilla 
maculata feeds on eggs, pollen, fungi, and a number of aphid species 
(Conrad 1959, Hagen 1962, Hodek 1973). Both species are common in 
potatoes and are known predators of potato beetles (Landis 1937, 
James 1984, Obrycki and Tauber 1985, Groden at al. 1990, Hazzard and 
Ferro 1991, Hazzard et al. 1991, Biever and Chauvin 1992a,b, Hilbeck 
and Kennedy 1996). 
The Colorado potato beetle is the most destructive insect pest of 
potatoes in the United States (Lashomb & Casagrande 1981, Hare 1990, 
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OIkowski et al. 1992, Zehnder et al. 1994). Poorly managed populations 
of Colorado potato beetle can completely defoliate potato plants and, at 
particular times during plant growth, can cause 85% reduction in yield 
(Hare 1990, OIkowski et al. 1992). Reliance on insecticides to suppress 
the Colorado potato beeltle has resulted in a series of short term 
reductions followed by catastrophies in certain regions of the United 
States (Lashomb and Casagrande 1981, Ferro 1985, Forgash 1985, 
Casagrande 1987, Hare 1990, Radcliffe et al. 1991, Zehnder et al. 
1994). Dependance upon insecticide applications has created 
widespread resistance in Colorado potato beetle populations and 
environmental problems (e.g. ground water contamination). The future 
of Colorado potato beetle management is likely to depend more on 
biological control agents that exist in potato ecosystems, including 
generalist predators (e.g. OIkowski et al. 1992, Zehnder et al. 1994). 
The searching strategy of P. maculiventris in potatoes has not 
been studied. Various aspects of its life history characteristics when 
fed Colorado potato beetle have been measured (Landis 1937, Drummond 
et al. 1984, James 1984, Ruberson et al. 1986), although only Valicente 
(1991) studied its life history under low prey inputs. When fed Colorado 
potato beetle, Podisus showed a trade-off in reproduction and 
longevity, that has been associated with adaptation to low prey inputs 
(Murdoch 1966, Calow 1979, O'Neil and Wiedenmann 1987). Further 
study is needed to describe predator life history under low prey inputs 
and over prey input levels the predator experiences in the field. 
Coleomegilla maculata is the most important natural enemy 
attacking first generation Colorado potato beetle eggs in 
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Massachusetts, destroying 50% of them (Hazzard et al. 1991). Predation 
on Colorado potato beetle eggs and early instars by C. maculata has 
been estimated in field cages and its reproduction, developmental, and 
functional responses when fed Colorado potato beetle have been studied 
in the laboratory (Groden et al. 1990, Hazzard and Ferro 1991, Hazard et 
al. 1991). However, these studies did not measure the response of C. 
maculata adults and larvae to low prey inputs or observe and quantify 
predatory behaviors in the field. 
The overall goal of my research was to define the key adaptations 
of the predatory beetle, C. maculata, in potatoes {Solanum tuberosum). 
The prey used was the Colorado potato beetle, the key pest of potatoes 
in the Midwest. In greenhouse and field studies, the searching behavior 
of C. maculata and its functional response to changes in L decemlineata 
density were quantified, in the laboratory, C. maculata's life history 
characteristics when feeding on L decemlineata eggs were measured 
and its reproductive and survival strategies used to subsist in potatoes 
determined. Following these studies of this coleopteran predator, 
comparisons will be made with P. macullventrls, a hemipteran predator 
of the Colorado potato beetle. Using this comparative approach, common 
search strategies and life history characteristics shared by both 
predatory species may be determined. 
This research was a joint project between Purdue University and 
Iowa State University, funded by a NC-IPM grant. Studies were 
conducted on P. maculiventris at Purdue University and on C. maculata 
at Iowa State. 
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The specific objectives of my research were to: 1) describe the 
functional response of C. maculata fourth instars to Colorado potato 
beetle egg density, under laboratory, greenhouse, and field conditions, 
2) observe and quantify the foraging behavior of C. maculata fourth 
instars feeding on Colorado potato beetle eggs in the greenhouse, 3) 
determine the developmental response of C. maculata when feeding on 
Colorado potato beetle eggs, and 4) measure the reproductive response 
of C. maculata to Colorado potato beetle eggs over a range of prey 
inputs, including low prey density. 
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FIELD AND LABORATORY FUNCTIONAL RESPONSES OF 
COLEOMEGILLA MACULATA (COLEOPTERA: COCCINELLIDAE) 
TO COLORADO POTATO BEETLE EGGS (COLEOPTERA: 
CHRYSOMELIDAE) 
A paper to be submitted to Biological Control 
J. IVIunyaneza and J. J. Obrycki 
A b s t r a c t  
A comparative study of tine functional response of Coleomegilla 
maculata DeGeer (Coleoptera; Coccinellidae) fourth instars was 
conducted under laboratory, greenhouse, and field conditions. In the 
laboratory, individual larvae were placed in 9-cm Petri dishes for 24 h, 
with either 1, 3, 5, or 7 Colorado potato beetle {Leptinotarsa 
decemlineata (Say)) (Coleoptera: Chrysomelidae) egg masses. In the 
greenhouse and field, C. maculata larvae were provided 0.5 to 35 L. 
decemlineata egg masses per m2 of potato leaf area. Fourth instar C. 
maculata exhibited a type II functional response to L. decemlineata 
eggs under laboratory, greenhouse, and field conditions. Predator search 
efficiency was inversely related to prey density. The maximum mean 
attack rate (8.7 eggs) by C. maculata larvae in the field was about half 
that observed in the laboratory (17.6 eggs) and greenhouse (20.1 eggs). 
The difference in prey density between the laboratory and field seems 
to be a major contributing factor in determining the rate of predation 
whereas differences in environmental conditions (e.g. temperature, and 
possible alternate food) may explain the differences in predation rate 
observed in the greenhouse and field. 
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I n t r o d u c t i o n  
Predators are often recognized as significant biotic mortality 
factors reducing insect pest populations (e.g. Huffaker et al. 1971, 
Price 1975, Huffaker et al. 1976, Luck 1984, DeBach and Rosen 1991). 
One important factor that influences the role of insect predators in 
biological control in crops is the number of prey attacked per predator 
as a function of prey density, i.e. the functional response (Solomon 
1949, Holling 1959). The number of prey attacked and consumed largely 
determines predator development, survival, and reproduction (Oaten and 
Murdoch 1975). Functional response cun/es can be used to infer basic 
mechanisms underlying predator-prey interactions, to clarify 
coevolutionary relationships, and to enhance biological control (Houck 
and Strauss 1985). 
The functional response has received much attention in the 
entomological and ecological literature (e.g., Holling 1961, Tostowaryk 
1972, Murdoch and Oaten 1975, Price 1975, Hassel 1978, Luck 1985, 
O'Neil 1989, Wiedenmann and O'Neil 1991a, Heimpel and Hough-
Goldstein 1994, Goteili 1996). Several types of functional responses in 
relation to prey density have been described including a linear increase 
(type I), an increase decelerating to a plateau (type II), sigmoid 
increase (type III); and a dome-shaped response (type IV). 
Many arthropod predators exhibit a type II response, which is 
characterized by predation rates that are limited only by the handling 
time, i.e. the amount of time it takes a predator to subdue, consume. 
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and digest its prey. The type 11 response has been described by the disk 
equation of Holling (1959): 
Na= aTN/1+aThN 
where Na is the number of prey attacked by a predator searching in a 
defined area, T is the length of time the predator and prey are exposed 
to one another, N is the density of prey, a is the predator's rate of 
successful search, and Th is the amount of time spent handling each 
prey item caught. 
Parameter a is based upon several factors including rates of 
movement of the predator and prey (the speed of pursuit of the 
predator, speed of escape of the prey), rate of successful capture once 
prey is encountered, the distance at which the predator can detect the 
prey, and the escape response of the prey (Houck and Strauss 1985). The 
maximum number of attacks is limited by an upper asymptote defined 
by the ratio T/Th because, as the rate of prey capture increases with 
increasing density, the predator spends a greater proportion of its time 
handling prey, thus decreasing the proportion of time available for 
searching (Hassel 1978, Houck and Strauss 1985). 
Functional responses derived from laboratory studies may bear 
little resemblance to those measured in the field, because predators 
are influenced by different experimental conditions in the laboratory. 
Several studies (e.g. Luck et al. 1988, O'Neil 1989, Wiedenmann and 
O'Neil 1991a) indicated that there are important differences between 
laboratory and field environments, which may explain difficulties 
encountered in applying the findings of a laboratory study to field 
situations in biological control programs. O'Neil (1989) pointed out that 
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one of the main differences between the laboratory and field studies is 
the area that predators have to search to find prey in the field. 
Coleomegilla maculata DeGeer (Coleoptera: Coccinellidae) is a 
beneficial predatory coccinellid species that is widely distributed east 
of the Rocky Mountains in North America (Obrycki and Tauber 1978, 
Gordon 1985). It is one of the more abundant cocccinellid species In 
herbaceous crops such as corn {Zea mays) (Kieckhefer 1990), soybean 
{Glycine max) (Lam 1996), alfalfa {Medicago sativa) (Giles et al. 1994), 
and potato {Solanum tuberosum) (Obrycki and Tauber 1985, Groden et al. 
1990, Hazzard and Ferro 1991, Hazard et al. 1991, Hilbeck and Kennedy 
1996). This polyphagous coccinellid preys on numerous insect pests, 
including the Colorado potato beetle (Leptinotarsa decemlineata) 
(Coleoptera: Chrysomelidae), the most destructive insect pest of 
potatoes (Solanum tuberosum) in the United States. This predatory 
coccinellid species is the most important natural enemy attacking 
first-generation Colorado potato beetle eggs in Massachussets, preying 
on 50% of Colorado potato beetle eggs (Hazzard et al. 1991). It was also 
found to be the most abundant coccinellid species in potato fields in 
Rhode Island and Michigan (Groden et al. 1990) and North Carolina 
(Hilbeck and Kennedy 1996). 
Predation of L. decemlineata eggs and early instars by C. maculata 
adults has been estimated in field cages (Groden et al. 1990); its 
developmental, reproductive, and adult functional responses to L. 
decemlineata eggs have been determined in the laboratory (Hazzard and 
Ferro 1991, Munyaneza 1996, Munyaneza and Obrycki, unpublished): and 
its foraging behavior for L. decemlineata eggs has been investigated 
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(Munyaneza 1996, Munyaneza and Obrycki, unpublished). However, no 
study has determined the functional response of the predatory larval 
stages of C. maculata to L. decemlineata eggs. As part of a 
comprehensive assessment of C. maculata predation of L decemlineata 
eggs (Munyaneza 1996, Munyaneza and Obrycki, unpublished), this study 
describes and compares the functional responses of C. maculata fourth 
instars to L. decemlineata eggs under laboratory, greenhouse, and field 
conditions. 
Materials and Methods 
All predators used in these experiments were laboratory-reared 
C. maculata fourth instars that had been denied access to prey for 24 h 
preceding all trials. Larvae had molted to the fourth stadium less than 
48 h before being used in any feeding experiment. Prey were L. 
decemlineata eggs from colonies that were maintained at 26 °C and a 
16:8 {L:D) photoperiod on greenhouse-grown potato (cv. Red Pontiac) 
plants and from a small plot (ca. 5 m x 20 m) north of the Insectary 
Building, Iowa State University, Ames, Iowa. The size of L. 
decemlineata egg masses used in all trials were standardized at 15 
eggs per egg mass. Predation rates refer to the number of prey 
attacked per predator per 24 h. Predator search efficiency was 
estimated from the number of prey attacked and the prey density 
(Beddington 1975, Hassel 1978, O'Neil 1989): 
E= (Na/N) 
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where E is the search efficiency, A/a is the per capita predation rate, 
and N Is the number of L decemlineata eggs provided. 
Laboratory study 
Daily predation rates were measured by placing a single fourth 
Instar C. maculata mxh Ldecemlineata egg masses In Petri dishes (ca. 
9 cm diameter, 2 cm height) for 24 h. Individual larvae were assigned 
to one of four prey densities; 1, 3, 5, and 7 L decemlineata egg masses. 
After 24 h, the number of attacked egg masses and Individual eggs per 
egg mass were recorded. Thirty two replicates of each prey density 
were conducted. All experiments were conducted at 26 °C and a 16: 8 
(L:D) photoperiod. 
Greenhouse study 
Potato (cv. Red Pontlac) plants used in this experiment were 
grown In the greenhouse in plastic pots (ca. 20 cm diameter, 10 cm 
height); each plant consisted of one stem and was approximately 30 cm 
tall with a total leaf area of approximately 0.20 m2 (both leaf sides). 
Leaf area was measured with a Li-3100 area meter (Li-Cor, Lincoln, 
NE). Pieces of leaves with L decemlineata egg masses were randomly 
stapled to the underside of potato leaves. One C. maculata fourth instar 
was placed into one of three searching arenas consisting of one plant 
with either 2 or 7 L. decemlineata egg masses, or 4 plants with 2 L. 
decemlineata egg masses, In the latter case, 4 pots of potato plants 
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were placed next to each other, so that some leaves of different plants 
overlapped, allowing predator movement among plants. Egg predation 
was recorded after 24 h. There were 10 replications for each prey 
density. All trials were conducted in a greenhouse room (ca. 4 m x 3 m) 
maintained at 22-26 °C and a 16:8 (L:D) photoperiod. Naturally 
occurring light in the greenhouse room was supplemented by 5 high 
intensity (400 W) lamps. 
Field study 
Experiments were conducted in August of 1994 and August and 
September of 1995 in a potato (cv. Red Pontiac) field (ca. 50 m x 50 m) 
at the ISU Johnson Farm, 2 miles south of Iowa State University, Ames, 
Iowa. Predation was measured by placing predators and prey in 1 meter 
cages (similar to those used by O'Neil [1984]) over plants that were 
approximately 35 cm tall. For each trial, cages were placed in randomly 
selected locations in the field. Prior to each trial, plants that were to 
be enclosed in cages were vigorously shaken to dislodge and remove 
resident arthropods. Eight, 6, 4, or 2 potato plants (consisting of one 
stem each) were enclosed in cages with 1, 3, 5, or 7 L decemlineata 
egg masses, respectively. Before being placed among plants in cages, 
potato stems with a single leaf and one egg mass each, were placed in 
water-filled vials that were plugged with cotton to prevent leaf 
dessication. 
For each prey number, 24 cages (16 with predators and 8 
controls) were used in 1994 and 22 cages (16 with predators and 6 
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controls) were used in 1995. A single fourth instar C. maculata and L. 
decemlineata eggs were placed In each cage (except for control cages) 
for 24 h, after which egg predation was tallied. Each L. decemlineata 
egg mass density was replicated 16 times in 1994 and 32 times in 
1995. In 1994, control cages were replicated 32 times, whereas there 
were 48 control cage replications in 1995. Because the plants in the 
cages were not destroyed after each trial, the average leaf area was 
computed from 10 potato stems randomly selected from the field on 
the day of each trial. Thus, leaf area per cage was estimated as the 
number of potato stems enclosed in the cage times the estimated 
average leaf area per potato stem (both leaf sides). Leaf area was 
measured with a Li-3100 area meter (Li-Cor, Lincoln, NE). The 
information on daily temperature during the trials was obtained from 
the Ames Meteorological Station located at 1 mile north east of the 
Johnson Farm. 
Data analysis 
Analysis of variance (ANOVA) was used to analyze the number of 
L. decemlineata egg masses and eggs attacked per 24 h at different 
prey densities in the laboratory, greenhouse, and field (SAS 1985). In 
the field study, ANOVA was performed on predation rates from each 
year and then for both years combined. A t-test was used to compare 
average predation rates in 1994 and 1995. Linear regression (PROC REG; 
SAS 1985) was used to analyze predation rates as a function of prey 
density (egg masses or eggs/m2) and leaf area for field and greenhouse 
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studies. In the laboratory study, regression analysis was used to 
determine the relationship between predation rates and prey density 
(egg masses or eggs/Petri dish). The Student-Newman-Keuls sequential 
procedure was used for pairwise comparisons among mean predation 
rates at different prey densities. 
The number of L decemlineata eggs consumed as a function of egg 
density was plotted and an iterative nonlinear least-squares regression 
(PROC NLIN; SAS, 1985) was fitted to the means using the Holling 
(1959) disk equation (Livdahl and Stiven 1983, Houck and Strauss 1985, 
SAS Institute Inc. 1985, Williams and Juliano 1985). Because the 
nonlinear least-squares regression procedure requires initial values of 
parameters and partial derivatives of the function, initial values for a 
and Th were estimated from the Lineweaver-Burk reciprocal linearized 
equation using the SAS procedure REG (see Houck and Strauss 1985), 
and then entered in the disk equation of Holling. The partial derivatives 
of HoUing's disk equation ( see Houck and Strauss 1985) were used in 
the NLIN (Gauss-Newton method) procedure. The level of significance 
for ail the tests was set at P= 0.05. 
Resul ts  
Laboratory study 
There were significant differences in the number of L. 
decemlineata egg masses attacked by C. maculata fourth instars at the 
four prey densities (ANOVA: F= 88.9; df= 3,7; P= 0.0004) (Table 1). The 
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number of L. decemlineata eggs consumed at different egg densities 
was also significantly different (ANOVA: F= 16.0; df= 3,7; P= 0.0108) 
(Table 1). Fourth instar C. maculata exhibited a type II functional 
response to L. decemlineata egg density (Fig. 1). The NLIN procedure 
produced estimates of 0.082 for a , 1.25 h for Th, and 19.3 eggs for the 
maximum number of L decemlineata eggs that could be consumed in 24 
h (Fig. 1). As the number of prey increased, search efficiency decreased 
(Fig. 2). 
All C. maculata larvae attacked at least one egg mass. At 3 egg 
masses per Petri dish (234 egg masses/m2), 78% of C. maculata larvae 
attacked all egg masses. Sixty three and 72% of lan/ae attacked at 
least 4 egg masses at 5 (390 egg masses/m2) and 7 (547 egg 
masses/m2) egg masses per Petri dish, respectively (Fig, 3A). However, 
not all egg masses attacked were entirely consumed; the number of 
eggs consumed per egg mass decreased as the number of egg masses 
attacked increased (Fig. 4A). 
The egg mass predation rates and the egg mass density were 
linearly related (F= 25.3; df= 1,3; P= 0.0373), with a slope significantly 
different from zero (t= 5.03; P= 0.0373). However, the linear regression 
model was not statistically significant for the egg predation rates and 
the egg density (F= 12.5; df= 1,3; P= 0.0715), with a slope not 
significantly different from zero (t= 3.54; P= 0.0715). 
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Greenhouse study 
There were significant differences in the per capita predation 
rates at different egg mass densities (ANOVA: F= 7.09; df= 2,29; P= 
0.0034) and different egg densities (ANOVA: F= 4.29; df= 2,29; P= 
0.0241) (Table 2). 
A type 11 functional response to L. decemlineata egg density was 
exhibited by C. maculata larvae (Fig. 5). The NUN procedure estimated 
a= 0.023, 7/7= 1.08 h, and the maximum number of L. decemlineata eggs 
that could be consumed was estimated at 22.2 eggs. During the 
greenhouse study, 10% of C. maculata failed to attack an egg mass 
whereas 90 to 100% of predators attacked at least 1 egg mass (Fig. 3B). 
Unlike the laboratory study, the number of eggs consumed per egg mass 
fluctuated as the number of egg masses increased (Fig. 4B). In addition, 
search efficiency of C. maculata fourth instars decreased as the 
number of L. decemlineata eggs increased (Fig. 6). 
Linear regression analysis of egg mass predation rates and egg 
mass density revealed a nonsignificant model (F= 34.37; df= 1,2; P= 
0.1076) and a slope not significantly different from zero (t= 5.86; P= 
0.1076). Similarly, a nonsignificant model (F= 1.66; df= 1,2; P= 0.4203) 
and a slope not different from zero (t= 1.29; P= 0.4203) were observed 
with regression analysis of egg predation rates and egg density. The 
egg mass predation rates and leaf area showed also a regression model 
not significant (F= 1.69; df= 1,2; P= 0.4177) and a slope not different 
from zero (t= 1.30; P= 0.4177). Furthermore, the linear regression of 
egg predation rates and leaf area indicated a nonsignificant model (F= 
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36.13; clf= 1,2; P= 0.1049) and a slope not significantly different from 
zero (t= 6.01; df= 1,2; P= 0.1049). 
Field study 
The daily minimum and maximum temperature during the 
experiments averaged 13 and 23 °C, respectively, in 1994, and 17 and 
30 °C, respectively, in 1995. No L decemlineata egg predation was 
obsen/ed in control cages. 
There were significant differences in the per capita predation 
rates of L. decemlineata egg masses at different egg mass densities in 
1994 (ANOVA: F= 4.34; df= 3,59; P= 0.0081) and 1995 (ANOVA: F= 12.42; 
df= 3,7; P= 0.0170) (Table 3). In addition, the number of L. decemlineata 
eggs consumed at different egg densities was significantly different in 
1994 (ANOVA: F= 3.59; df= 3,59; P= 0.0169) and 1995 (ANOVA: F= 7.47; 
df= 3,7; P= 0.0408) (Table 3). ANOVA of the combined data for 1994 and 
1995 showed significant differences in the rate of predation at 
different egg mass densities (F= 13.64; df= 3,11; P= 0.0016) and at 
different egg densities (F= 13.36; df= 3,11; P= 0.0018) (Table 3). A t-
test indicated no significant difference between the average predation 
rates of L. decemlineata egg masses in 1994 versus 1995 (t= 0.77; df= 
6; P= 0.4684) or L decemlineata eggs (t= 0.70; df= 6; P= 0.5079) (Table 
3). 
Data for both years were combined for regression analysis. The 
mean number of egg masses attacked and the egg mass density was 
linearly related (F= 53.96; df= 1,7; P= 0.0003) with a slope different 
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from zero (t= 7.34, P= 0.0003). Moreover, the regression analysis of the 
mean number of egg masses attacked and the leaf area indicated a 
significant model (F= 36.76; df= 1,7; P= 0.0009) and a slope 
statistically different from zero (t= 6.063; P= 0.0009). The linear 
regression model of the mean number of L. decemlineata eggs consumed 
and the egg density was statistically significant (F= 58.09; df= 1,7; P= 
0.0003) with a slope significantly different from zero (t= 7.62; P= 
0.0003). Regression analysis also detected a statistically significant 
model between the mean number of eggs consumed at different egg 
densities and the leaf area (F= 37.16; df= 1,7; P= 0.0009) and a slope 
significantly different from zero (t= 6.10; df= 1,7; P= 0.0009). 
As observed under laboratory and greenhouse conditions, fourth 
instar C. maculata exhibited a type II functional response to L. 
decemlineata egg densities over the two years (Fig. 7). The NLIN 
procedure estimated a= 0.002 and Th= 1.94 h in 1994 and a= 0.005 and 
Th= 2.33 h in 1995. In addition, the maximum number of L. decemlineata 
eggs that could be consumed were estimated at 12.4 and 10.3 in 1994 
and 1995, respectively. Forty to 88% of C. maculata larvae failed to 
attack any egg masses, and no predator attacked more than 3 egg 
masses (Fig. 3C). Similar to the greenhouse study, the number of eggs 
consumed per egg mass fluctuated (Fig. 4C). Search efficiency of fourth 
instar C. maculata decreased as a function of prey density (Fig. 8). 
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Discuss ion  
Fourth instar C. maculata exhibited a type II functional response 
to L decemlineata eggs under laboratory, greenhouse, and field 
conditions. Similar conclusions were reached from a laboratory study 
with C. maculata adults by Hazzard and Ferro (1991), and by Groden et 
al. (1990) in a field cage study. However, a and Th values estimated by 
Hazzard and Ferro (1991) for C. maculata adults are different from 
those estimated for C. maculata fourth instars in the present study. 
Using Holling's disk equation and a range of 10-70 L decemlineata eggs 
per Petri dish, Hazzard and Ferro (1991) estimated a and Th at 1.2659 
and 0.0205 day (ca. 0.5 h), respectively, for C. maculata adults feeding 
on Colorado potato beetle eggs in the laboratory. In the present study, 
estimates were 0.082 and 1.25 h for a and Th , respectively, for C. 
maculata fourth instars. In addition, the highest mean attack obsen/ed 
and the maximum predation rate predicted by the disk equation of 
Holling and reported by Hazzard and Ferro (1991) were 32.8 ± 6.7 and 
31.5 eggs per 24 h, respectively, for adult C. maculata. In our study, the 
highest mean attack observed for C. maculata fourth instars was 17.6 ± 
0.4 eggs, whereas the maximum of eggs that could be consumed was 
estimated at 19.3 eggs. The differences between both studies suggest 
that the rate of successful search for C. maculata fourth instars is 
lower than that of C. maculata adults, whereas the handling time of C. 
maculata adults is shorter than that of fourth instars. Furthermore, the 
predation rate of C. maculata adults is higher than that of larvae. 
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The rate of successful search (a) for C. maculata fourth instars 
was higher in the laboratory (0.082) than in the greenhouse (0.023) and 
field (0.002 and 0.005 in 1994 and 1995, respectively). These results 
suggest that the rate of successful search is influenced, in part, by the 
prey density. 
In the present study, the number of L. decemlineata egg masses 
attacked increased with the increase of L. decemlineata egg mass 
density in the laboratory, greenhouse, and field (Tables 1, 2, and 3). 
However, not all L. decemlineata eggs within an egg mass attacked 
were consumed. The number of L decemlineata eggs consumed per egg 
mass decreased as the number of L decemlineata egg masses attacked 
increased in the laboratory but fluctuated in the field and greenhouse 
(Fig. 4). These results may be associated with the high prey density 
(78-547 egg masses/m2) used in the laboratory; almost any C. 
maculata movement in these dishes resulted in prey encounter. The 
consumptive behavior observed in the field and greenhouse may be the 
result of the lower prey density (0.5-35 egg masses/m2) compared to 
the prey density in the laboratory and the area-restricted search 
behavior of C. maculata fourth instars observed in the greenhouse 
(Munyaneza 1996, Munyaneza and Obrycki, unpublished). 
The type II functional responses observed in the laboratory, field, 
and greenhouse suggest that handling time affects the number of L. 
decemlineata eggs consumed by C. maculata fourth instars. In addition, 
the decline in the search efficiency of C. maculata with increasing prey 
density illustrates the effect of handling time on predator search 
(Beddington 1975, Hassel 1978, O'Neil 1989). Since L. decemlineata 
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eggs are distributed in clusters, allowing multiple attacks of eggs, the 
time needed to process and digest eggs could significantly influence 
the predation rate of C. maculata. In this study, handling time for each 
egg was estimated at 1.25 and 1.08 h in the laboratory and greenhouse, 
respectively; and in the field, at 1.94 and 2.33 h In 1994 and 1995, 
respectively. In a companion study (Munyaneza 1996, Munyaneza and 
Obrycki, unpublished), the observed time to entirely consume a L. 
decemlineata egg by a C. maculata fourth instars was approximately 8 
minutes (0.13 h). In addition, the observed resting time averaged more 
than 2 hours. Although several studies (e.g. Wiedenmann and O'Neil 
1991b) suggested that long resting periods by predators are related to 
energy conservation, resting periods also include time for digestion of 
prey. Therefore, the differences between the observed egg consumption 
time (0.13 h) and estimated handling times (1.08-2.33 h) could be 
explained by the resting time that was included in calculation of 
estimated handling times by Holling's disk equation model. 
The maximum mean attack rate in the field was about half (6.8 
and 8.7 eggs in 1994 and 1995, respectively) of that observed in the 
laboratory (17.6 eggs) or greenhouse (20.1 eggs). The main difference 
between the laboratory and field studies was L decemlineata egg 
density. In the laboratory, the area the predator had to have searched to 
find prey was assumed to be the bottom and lid of the Petri dish (ca. 
0.0128 m2). In the field, the area fourth instars searched for prey was 
assumed to be the leaf area of 2 to 8 potato stems (ca. 0.22-1.82 m^) 
enclosed in each cage. As O'Neil (1989) pointed out, leaf area is the 
appropriate unit to estimate predation rates because prey are often 
3 2  
dispersed througliout the canopy, and therefore predators have to 
search leaves to find prey. Therefore, the difference in the size of the 
searching arenas in the laboratory and field studies resulted in 
significant differences in the predation rate. 
Differences in predation rate between field and greenhouse 
studies are not easily explained since predators had to search plants 
with similar prey densities. However, in contrast to the field, 
environmental conditions in the greenhouse were controlled during the 
experiment. Temperature has been shown to affect the predatory 
capacity of C. maculata] the rate of predation by C. maculata adults and 
third instars of green peach aphids on potato plants increased with an 
increase in temperature (Mack and Smilowitz 1982a,b). Similarly, 
Groden et al. (1991) observed that C. maculata adult daily consumption 
rates of L. decemlineata eggs increased as temperature increased from 
10 to 30 °C. The greenhouse room in which we conducted the 
experiments was maintained at 22-26 °C and a photoperiod of 16:8 
(L:D). The average minimum and maximum temperatures in the field 
during experimentation were estimated at 13 and 23 °C, respectively, 
in 1994, and 17 and 30 °C in 1995. Therefore, the difference in 
predation rates observed between the greenhouse and field may be 
related to the degree of temperature fluctuations under greenhouse and 
field conditions. 
Differences between field and greenhouse studies may also be 
attributed to alternate food. Presence of alternate food sources, 
primarily aphids, may influence C. maculata feeding rates on L. 
decemlineata eggs (Groden 1990, Hazzard and Ferro 1991). Although we 
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shook the potato plants to dislodge and remove resident arthropods 
before placing the cages in the field, some arthropods such as aphids 
may have remained in the cages. As a result, predation rates of L. 
decemlineata eggs by C. maculata lan^ae may have been reduced in 
comparison to the greenhouse, where plants were insect free except for 
L decemlineata eggs. Additionally, the possible presence of corn pollen 
in the field cages may have influenced predation rates. Several studies 
(e.g. Smith 1961, Smith 1965a,b, Warren and Tadic 1967, Hodek et al. 
1978, Hazzard and Ferro 1991, Pilcher 1996) have shown that C. 
maculata feeds, develops, and reproduces on pollen and fungal spores. 
Although a laboratory study by Hazzard and Ferro (1991) indicated no 
effect on the rate of attack on L decemlineata eggs by C. maculata 
adults in presence of corn pollen, Conrad (1959) reported a reduction in 
C. maculata consumption of European corn borer eggs in the presence of 
corn pollen and aphids. The potato field used for our experiment was 
surrounded by corn fields during both experimental years. The corn 
pollen may have drifted onto the potato plants in the cages and caused a 
reduction in predation rate of L decemlineata eggs by C. maculata 
lan/ae in the field. 
Although the type of functional response of fourth instar C. 
maculata to L. decemlineata eggs was the same under laboratory, 
greenhouse, and field conditions during this study, the differences in 
the maximum mean predation rate between the different experimental 
situations illustrate the importance of evaluating the response under 
appropriate conditions. If the results of predation studies are used to 
predict the impact of predators in biological control programs, it is 
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imperative that we measure the functional response under conditions 
that the predators may encounter in the field (O'Neil 1989, Wiedenmann 
and O'Neil 1991a). For example, if we had studied predation only in the 
laboratory and greenhouse settings, we would have concluded that C. 
maculata fourth instars consume an average of 20 L decemlineata eggs 
daily, whereas in the field, this life stage consumed an average of 8 L. 
decemlineata eggs per day. The consequences of an incorrect 
understanding of the magnitude of predation are that the relative 
contribution of predator search and consumptive behaviors to predator-
prey dynamics cannot be properly identified; thus, the level at which 
prey populations can be reduced by predators cannot be predicted 
(O'Neil 1989, Wiedenmann and O'Neil 1991a). 
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Table 1. Mean number of Leptinotarsa decemlineata egg masses and eggs attacked at different prey 
densities (in 24 h) in the laboratory. 
Egg masses Egg masses 
per dish2 per m^ 
Egg mass 
mean (SE) 
Per capita predation^ 
Egg mass 
ranged 
Egg 
mean (SE) 
Egg 
range 
1 
3 
5 
7 
78.13 
234.38 
390.63 
546.88 
1.00 (O.OO)a 
2.68 (0.02)b 1 - 3 
3.72 (0.01)C 2 - 5 
4.10 (0.10)C 2 - 6 
11.72 (0.07)a 
15.59 (0.03)b 
17.15 (0.27)b 
17.62 (0.37)b 
4 - 15 
7 - 34 
1 0 - 3 2  
9 - 31 
^ Means followed by the same letter within columns are not statistically different at 0.05 level of 
significance. 
2 Each egg mass was standardized at 15 eggs. 
3AII egg masses were attacked at the 1 egg mass density: range=0. 
Table 2. Average leaf area and mean number of Leptinotarsa decemlineata egg masses and eggs 
attacked at different prey densities (in 24 hrs) in the greenhouse. 
Per capita predation2 
F'rey density^ Leaf area Egg mas-
(m2) ses/m2 
Egg mass 
mean (SE) 
Egg mass 
range 
Egg 
mean (SE) 
Egg 
range 
Low (2 egg masses 0.80 
per 4 potato plants) 
2.5 1.10 (0.15)a 0 - 2 10.40 (1.59)a 0 - 15 
intermediate (2 egg 
masses per 1 plant) 
0.20 10 1.60 (0.16)3 1 - 2 18.40 (2.60)b 5 - 30 
High (7 egg masses 
per 1 potato plant) 
0.20 35 2.40 (0.40)b 1 - 5 20.10 (3.07)b 4 - 37 
i|Each egg mass contained 15 eggs. 
2Means followed by the same letter within columns are not statistically different at 0.05 level of 
significance. 
Table 3. Average leaf area and mean number of Leptinotarsa decemlineata egg masses and eggs 
attacked at different prey densities (in 24 hrs) in the field. 
Per capita predation2 
Year Egg mas­ Leaf area Egg mas- Egg mass Egg mass Egg Egg 
ses/cage! (m2)/cage ses/m2 mean (SE) range mean (SE) range 
1994 1 1.82 0.55 0.07 (0.07)3 0 - 1 0.57 (0.57)3 0 - 8 
3 1.04 3.00 0.20 (0.10)3 0 - 1 1.66 (0.94)3 0 - 12 
5 0.64 8.00 0.47 (0.16)at> 0 - 2 4.33 (1.59)3b 0 - 18 
7 0.34 20.00 0.88 (0.25)b 0 - 3 6.81 (2.08)^ 0 - 27 
1995 1 1.57 0.64 0.18 (0.01)3 0 - 1 1.23 (0.10)3 0 - 12 
3 0.91 3.30 0.46 (0.13)ab 0 - 2 3.40 (0.33)3b 0 - 19 
5 0.70 7.00 0.80 (0.13)b 0 - 2 6.09 (1.76)3b 0 C
O 1 o 
7 0.22 31.80 0.95 (0.05)b 0 - 3 8.67 (1.53)b 0
 
1 CD
 
1994 1 - - 0.15 (0.04)3 0 - 1 1.01 (0.23)3 0 - 12 
+ 1995 3 - - 0.38 (0.12)3 0 - 2 2.70 (0.53)3 0 - 19 
5 - - 0.69 (0.13)b 0 - 2 5.51 (1.18)b o C
O 1 o 
7 - - 0.93 (0.04)b 0 - 3 8.05 (1.08)b 0 - 29 
iEach egg mass contained 15 eggs 
^Means followed by the same letter within columns for each year and both years combined are not 
statistically different at 0.05 level of significance. 
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Figure 1. IVIean number of L. decemlineata eggs consumed in the 
laboratory (Petri dishes) in 24 h by C. maculata fourth instars as 
function of L. decemlineata egg density. Curve was fitted using the disl< 
equation of Holling. 
Figure 2. Search efficiency of C. maculata fourth instars as a function 
of L. decemlineata egg density in the laboratory (9-cm Petri dishes). 
Figure 3. Percentage of C. maculata fourth instars attacking L. 
decemlineata egg masses (EM) at different egg mass densities. 
Laboratory (A), greenhouse (B), and field (C). 
Figure 4. Mean number of L. decemlineata eggs consumed per egg mass 
by C. maculata fourth instars at different egg mass densities. 
Laboratory (A), greenhouse and field (B). 
Figure 5. Mean number of L decemlineata eggs consumed in the 
greenhouse in 24 h by C. maculata fourth instars as function of L. 
decemlineata egg density. Cun/e was fitted using the disk equation of 
Holling. 
Figure 6. Search efficiency of C. maculata fourth instars as a function 
of L decemlineata egg density in the greenhouse. 
Figure 7. Mean number of L. decemlineata eggs consumed in the field in 
24 h by C. maculata fourth instars as function of L decemlineata egg 
density. Curves were fitted using the disk equation of Holling. 
Figure 8. Search efficiency of C. maculata fourth instars as a function 
of L. decemlineata egg density in the field. 
44 
17-
16 -
•D 0) 
£ 3 (0 
c 
o 
o 14 -
(0 O) O) 0) 13 -
6 
12 -
20 60 1 2 0  0 40 80 1 0 0  
Eggs/Petri dish 
Figure 1. 
4 5  
Eggs/Petri dish 
Figure 2. 
4 6  
120 
100 
80 
6 0 -
40 -
20 -I 
0 
B 
® 78.1 EM/sq.m 
M 234.4 EM/sq.m 
^ 390.6 EM/sq.m 
S 546.9 EM/sq.m 
100 
a> 
L. 
o 
(0 
•o 0) 
0) O) 
(0 
*•> 
c 
(1) 
o 
k. 0) 
Q. 
8 0 -
6 0 -
40 -
2 0 -
100 • 
8 0 -
6 0 -
40 -
2 0 -
B 
^ 2.5 EM/sq.m 
@ 10 EM/sq.m 
S 35 EM/sq.m 
^ 0.5-0.6 EM/sq.m 
@ 3-3.3 EM/sq.m 
Q 7-8 EM/sq.m 
S 20-31.8 EM/sq.m 
-E 
0 1 2 3 4 5 6 7 
No. egg masses attacked 
Figure 3. 
Egg masses/square 
Figure 4. 
B  
Greeenhouse 
Field 1994 
Field 1995 
4 0  
4 8  
600 400 500 100 200 300 
No. eggs/square meter 
Eggs/square meter 
Figure 6. 
50 
No. eggs/square meter 
Figure 7. 
5 1  
0.14 
0.12 
0.10 
1994 
0.08 1995 > 
0.06 
0.04 
0.02 
0.00 
100 0 200 300 400 500 
Eggs/square meter 
Figure 8. 
5 2  
FORAGING BEHAVIOR OF COLEOMEGILLA MACULATA LARVAE 
(COLEOPTERA: COCCINELLIDAE) FEEDING ON COLORADO POTATO 
BEETLE EGGS (COLEOPTERA: CHRYSOMELIDAE) 
A paper to be submitted to Entomologia Experimentalis et Applicata 
J. Munyaneza and J. J. Obrycki 
Abstract  
Coleomegilla maculata DeGeer (Coleoptera : Coccinellidae) fourth 
instars were placed singly into a searching arena containing either 1 or 
4 potato {Solanum tuberosum) plants, with a total leaf area (both 
sides) of approximately 0.20 m2 per plant. Prey were fresh (ca. 24 h 
old) eggs of Leptinotarsa decemlineata (Say) (Coleoptera: 
Chrysomelidae). Three egg densities were used: a low density of 2 egg 
masses per 4 plants (2.5 egg masses/m2 of leaf area), an intermediate 
density of 2 egg masses per 1 plant (10 egg masses/m2), and a high 
density of 7 egg masses per 1 plant (i.e. 35 egg masses/m2). Predators 
were observed for 4 h. Time spent in selected behaviors (searching, 
feeding, resting) and location in the plant canopy during each behavior 
were recorded. Predators exhibited both extrinsic and area-restricted 
search behaviors. Predators searched a greater amount of leaf area and 
for longer time periods at low prey density than at high and 
intermediate prey densities. Successful predators consumed 
approximately 8 eggs during the 4 h period and the handling time was 
approximately 8 minutes per egg. Coleomegilla maculata fourth instars 
consumed entire eggs when they initiated feeding: subsequent eggs 
were partially consumed. At high and intermediate prey densities, 
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predators spent more time resting than did predators at low prey 
density. 
Introduction 
One of the attributes that determines predator success in 
locating prey in agricultural crops is its search strategy (Price 1975, 
Hassel and Southwood 1978). Searching strategies have been defined as 
sets of rules of scanning and movement that result in prey encounter 
(Smith 1974) and include behaviors that determine the range of food 
utilized and the space and time during which foraging occurs (Schoener 
1971, Wiedenmann and O'Neil 1991). Natural selection would be 
expected to favor individuals that use a searching strategy that results 
in the most successful prey capture (Morrison 1978). The particular 
searching strategy employed will determine the functional response 
and, as result, will influence the numerical and developmental 
responses. Thus, the persistence of predators in any cropping habitat 
will depend partly on the searching strategy used (e.g. Huffaker et al. 
1971, Price 1975, Huffaker et al. 1976, Hassel 1978, Luck 1984, 
Wiedenmann 1990, Wiedenmann and O'Neil 1991, DeBach and Rosen 
1991). 
Searching strategy has been divided into extrinsic and area-
restricted behaviors. Extrinsic searching is characterized by movement 
prior to encountering food, during which time predators get some 
information from the environment (Bond 1980). Predators that 
minimize searching overlapping areas also would minimize searching 
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time and would encounter prey more efficiently (Morrison 1978, O'Brien 
et al. 1990, Wiedenmann and O'Neil 1991). Since little information is 
gained during extrinsic searching, the searching pattern is considered 
random. Area-restricted searching, in contrast, includes a series of 
turns resulting from information perceived from the environment, often 
due to prey encounters (Curio 1976). By searching a limited area, 
predators remain in the vicinity of attacked prey and may encounter 
additional prey more readily than by extrinsic searching. Area-
restricted search has been seen in many predators and may be 
characteristic of foragers whose resources are clumped (Beukema 
1968, Smith 1974, Williamson 1981, Nakamuta 1985). 
Hodek (1973) reported that experiments with acarophagous and 
aphidophagous coccinellids have shown that neither optic nor olfactory 
orientation operates in prey searching behavior. No discovery of prey is 
made by the coccineliid until actual contact occurs. In addition, the 
prey may be missed if only a few millimeters away. 
However, the movement of coccineliid larvae and adults is not 
completely random. Certain patterns of behavior, which make the 
encounter of predator and prey more probable, have been observed. For 
example, similar to coccinellids, both mites and aphids show positive 
phototaxis and negative geotaxis (Hodek 1973). In addition, searching 
efficiency may be increased by the tendency of coccinellids to crawl 
along leaf edges or a raised surface. Thus on leaves, veins influence the 
direction of movements; colonies of aphids frequently occur near veins 
(Hodek 1973). After feeding, coccineliid larvae increase the 
thoroughness of their subsequent searching by slower, winding 
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movements in tine vicinity of prey, frequently turning in a short 
distance. Furthermore, coccinellid larvae revisit places already 
searched and neglect other areas. For example, Banks (1957) reported 
that first instar larvae of Propylea quatuordecimpuctata, moving for 
three hours on a clump of 14 bean stems, spent 52% of the time 
searching on leaves visited more than once and only 12% on leaves 
visited only once. 
Hemptinne et al. (1996) observed a difference in searching 
behavior between sexes of the cocccinellid Adalia bipunctata. At high 
pea aphid {Acyrthosiphon pisum) densities, female A. bipunctata spent 
more time than males in area-restricted search than when prey was 
scarce. They suggested that differences between the sexes should be 
considered when quantifying predatory response of lady beetles to prey 
abundance in the field. 
Coleomegilla maculata DeGeer (Coleoptera: Coccinellidae) is a 
predatory coccinellid that Is widely distributed east of the Rocky 
Mountains in North America (Obrycki and Tauber 1978, Gordon 1985). It 
is a common and abundant predator in potato fields throughout the 
eastern United States (e.g. Obrycki and Tauber 1985, Groden et al. 1990, 
Hazzard and Ferro 1991, Hazzard et al. 1991, Hilbeck and Kennedy 
1996). This polyphagous coccinellid preys on several aphid species and 
many other insect pests, including the Colorado potato beetle 
{Leptinotarsa decemlineata) (Coleoptera: Chrysomelldae), the most 
destructive Insect pest of potatoes in the United States. This predatory 
species Is the most important natural enemy attacking first generation 
Colorado potato beetle eggs in Massachussets, preying on 50% of them 
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(Hazzard et al. 1991). It was also reported to be the most abundant 
coccinellid species in potato fields in Rhode Island and Michigan 
(Groden et al. 1990), and North Carolina (Hilbeck and Kennedy 1996). 
Consumption rate, prey preference, functional, developmental, and 
reproductive responses of C. maculata feeding upon L. decemlineata 
eggs have been investigated (Groden et al. 1990, Hazzard and Ferro 
1991, Munyaneza 1996, Munyaneza and Obrycki, unpublished). However, 
no study has addressed the foraging behavior of C. maculata adults or 
larvae when feeding on L. decemlineata eggs. As part of an assessment 
of C. maculata predation of the L. decemlineata (Munyaneza 1996, 
Munyaneza and Obrycki, unpublished), the objectives of this study were 
to observe the search behavior and quantify attack rates, prey handling 
time, and resting time of C. maculata fourth instars preying on L. 
decemlineata eggs on potato {Solanum tuberosum) plants. 
Materials and Methods 
Predators used in this study were laboratory reared fourth instar 
C. maculata that had been denied access to prey for 24 h. They had been 
reared on pea aphids {Acyrthosiphon pisum). Prey were fresh (ca. 24 h 
old) eggs of Colorado potato beetle. Experiments were conducted in a 
greenhouse room (3 m x 4 m) maintained at 22-26 °C and a 16:8 (L:D) 
photoperiod. Naturally occurring light in the greenhouse room was 
supplemented by 5 high intensity (400 W) lamps. 
Larvae were placed singly into a searching arena consisting of 
either 1 or 4 potato plants. Plants were approximately seven weeks old 
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(ca. 30 cm tall) with a total leaf area of approximately 0.2 m2 (both 
leaf sides) per plant. Three L decemlineata egg densities were used: 1) 
a low density of 2 egg masses per 4 plants (2.5 egg masses/m2 of leaf 
area), 2) an intermediate density of 2 egg masses per 1 plant (10 egg 
masses/m2), and 3) a high density of 7 egg masses per 1 plant (35 egg 
masses/m2). When 4 plants were used, they were placed in a row so 
that several leaves overlapped, allowing predators to move between 
plants. To locate predators in the plant canopy, leaves of each plant 
were numbered. Egg masses were randomly assigned to plant leaves and 
stapled on the underside of the leaves. Each L decemlineata egg mass 
was standardized at 15 eggs. Predators were released on the middle of 
the plant stem and observed continuously for 4 h (10:00-14:00). 
Experiments were conducted, one at a time, and replicated 10 times for 
each prey density treatment. The temperature in the greenhouse was ca. 
26 °C during all trials. 
Time spent in selected behaviors (searching, feeding, resting) and 
location in the canopy were recorded each time a predator changed 
behaviors. Resting was defined as remaining stationary but not feeding 
for a minimum of 60 seconds. A predator was considered to be 
searching if moving on any plant surface or remaining stationary for 
less than 60 seconds. Each behavior was evaluated over the total 4 h 
periods and within each 1 h period to test whether behavior changed 
during a trial (Wiedenmann and O'Neil 1991). 
At the completion of each replicate, the area of each leaf that 
predators visited during the trial was measured using a Li-3100 area 
meter (Li-Cor, Lincoln, NE). Similar to Wiedenmann and O'Neil (1991), 
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minimum searcli area was defined as tlie area of all leaf surfaces 
visited, counting each leaf surface only once (regardless of the number 
of times visited). Total search area was defined as the area of all leaf 
surfaces visited, with all visits counted. Repeated-area search was 
defined as the ratio of total area searched to minimum area searched. 
Analysis of variance (ANOVA) was used to test for differences in 
attack rate, search area, searching time, feeding time, resting time, 
and repeated-area search at the 3 prey densities (SAS, 1985). The 
Student-Newman-Keuls sequential procedure was used for pairwise 
comparisons among the means. Correlation analysis (PROC CORR; SAS, 
1985) was used to determine if the total area searched was correlated 
with total searching time. Correlation analysis was also performed 
between the attack rates and the total area searched, total searching 
time, and total resting time at each prey density. A t-test was used to 
compare search area, searching time, and resting time for successful 
and unsuccessful predators at the three prey densities. Regression 
analysis (PROC REG; SAS, 1985) conducted for successful predation on 
searching time, resting time, attack rates, and feeding time as a 
function of time at each prey density. The level of significance for all 
the tests was set at P= 0.05. 
Voucher specimens are deposited in the Iowa State Insect 
Collection, Department of Entomology, Iowa State University, Ames, 
Iowa. 
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Results 
All C. maculata larvae observed searched for prey, and rested. As 
C. maculata fourth Instars searched, they often crawled along the leaf 
edges and veins and moved over both upper and lower surfaces. There 
was a large variation in searching behavior among individual larvae 
within treatments. Among the 30 larvae tested, total search area, 
searching time, feeding time, and resting time ranged from 0.01-0.47 
m2, 0.10-3.33 h, 0.40-2.22 h, and 0.10-3.58 h, respectively. 
Seventy percent of C. maculata larvae attacked prey at the low 
prey density, whereas 80% attacked eggs at intermediate and high prey 
densities. Mean predation rates among predators at the 3 prey densities 
were not statistically different (Table 1). There were no significant 
differences in feeding time (Table 1). Only 2 larvae (in the 2 highest 
density treatments) attacked 2 egg masses during the 4 h periods. No 
predators attacked more than 2 egg masses during the experiments. The 
time to consume one L. decemlineata egg by C. maculata fourth instars 
was approximately 8 minutes per egg. When a larva started feeding on 
an egg mass, approximately 3 eggs were entirely consumed. After 
consuming the 3 eggs, a larva would only partially consume any 
additional eggs during the 4 h observation. 
Prior to the first prey encounter, C. maculata larvae appeared to 
search plants without using prey cues. Thirty percent of larvae 
encountered eggs but did not initiate attack whereas 60% of lan/ae 
missed eggs by less than 5 mm. However, after the first feeding, C. 
maculata larvae exhibited area-restricted behavior characterized by 
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slower, winding movements on the same leaflet that the attacked egg 
mass was found. Ninety one percent of successful predators rested for 
long periods on or next to the attacked L. decemlineata egg masses, 
whereas long resting periods for unsuccessful larvae occurred on plant 
stems or the lower surface of leaves. 
There were no significant differences in minimum search area 
among predators at the different prey densities (Table 1). However, 
differences in total search area among larvae at the three prey 
densities were statistically significant (Table 1). Over the 4 h periods, 
predators at low prey density searched over twice the total area as 
those at 2 higher prey densities (Table 1). 
Searching and resting times were significantly different at the 
different prey densities (Table 1). At low prey density, predators 
searched for approximately 2 h whereas at the 2 higher prey densities 
searching time was less than 0.9 h (Table 1). Coleomegilla maculata 
larvae at the 2 higher prey densities rested longer than those at low 
prey density (Table 1). 
The total area searched and the total searching time was highly 
correlated at low (r= 0.89; P=0.0005) and high (0.85; P= 0.0017) prey 
densities but not at the intermediate prey density (r= 0.59; P= 0.0700). 
Attack rates were highly correlated to the total area searched at the 
high prey density (r= -0.80; P= 0050), but the correlation was not 
statistically significant for the intermediate (r= -0.02; P= 0.9650) and 
low (r= -0.52; P= 0.1265) prey densities. The correlation between 
attack rates and searching time was highly significant at low (r= 
-0.81; P= 0.0046) and high (r= -0.85; P= 0.0018) prey densities, but not 
6 1  
for the intermediate prey density (r= -0.20; P= 0.5736). In addition, 
there was no significant correlation between attack rates and total 
resting time at low (r= 0.47; P= 0.1706) and high (r= -0.08; P= 0.8335) 
prey densities; however, the correlation was significant for the 
intermediate prey density treatment (r= -0.64; P= 0.0462). 
Unsuccessful predators 
The total area searched, total searching time, and total resting 
time were statistically different for C. maculata larvae that did not 
find prey at the three prey densities (Table 2). Unsuccessful predators 
searched more total area and searched for longer periods at the low egg 
density than at the 2 higher prey densities. However, unsuccessful 
predators spent less time resting at low prey density than at the 2 
higher prey densities (Table 2). 
Successful predators 
There were no significant differences forC. maculata larvae 
successfully finding prey in attack rate, total feeding time, handling 
time, or in number of eggs consumed during the first egg mass attack 
at the three prey densities (Table 3). During the 4 h observation 
periods, the individual consumption ranged from 3-10 eggs at the low 
egg density and 5-13 eggs at both the intermediate and high densities. 
During the first egg mass attack, egg consumption ranged from 3-7, 2-
9, and 4-7 eggs at low, intermediate, and high density, respectively. 
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The minimum area searched and the minimum search area before 
the first attack were similar at the different prey densities (Table 3). 
However, the total area searched before the first attack and during the 
4 h observation period were statistically different (Table 3). In both 
cases, predators searched a greater area at low prey density than at 
the two higher densities. Similarly, C. maculata searched longer before 
the first attack at low prey density than at higher prey densities (Table 
3). 
Resting time did not differ statistically among the different prey 
densities but did differ significantly before the first attack (Table 3). 
Predators rested before the first attack at low prey density; whereas 
no predators rested before the first attack at higher densities (Table 
3). 
The number of eggs consumed decreased significantly during the 4 
h at the 2 higher prey densities, but not at the low prey density (Table 
4). Similarly, feeding time decreased significantly as a function of 
time at the two higher prey densities. Searching time decreased 
significantly during the 4 h at low prey density (Table 4). Time spent 
resting increased significantly as function of time at the three prey 
densities (Table 4). 
Within prey density comparisons of C. maculata larval behavior 
At low prey density, successful and unsuccessful C. maculata 
showed similarities in the minimum (t= 1.54; P= 0.1628) and total (t= 
1.99; P= 0.0925) area searched and resting time (t= 1.11; P= 0.3001). 
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However, unsuccessful predators spent more time searching than 
successful predators (t= 2.58; P= 0.0326). At the intermediate prey 
density, there were no significant differences in the minimum (t= 
0.3352; P= 0.7461) and total (t= 0.48; P= 0.6447) area searched, 
searching time (t= 0.18; P= P= 0.86), and resting time (t= 1.82; P= 
0.1067) between successful and unsuccessful predators. Similarly, at 
high prey density, there were no significant differences in the 
minimum (t= 2.15; P= 0.0633) and total (t= 2.17; P= 0.0620) area 
searched, and resting time (t= -0.31; P= 0.7648) between successful 
and unsuccessful predators. However, unsuccessful predators spent 
significantly more time searching than successful predators (t= 4.71; 
P= 0.0015). 
Discussion 
The searching strategy employed by C. maculata determines its 
functional response, and, as a result, influences its survival, 
development, and fecundity. The results of the present study relate to 
the foraging behavior of fourth instars of C. maculata and provide a 
basic understanding of C. maculata search strategies in potatoes. 
Similar to previous studies of coccinellid larval searching 
behavior (e.g. Hodek 1973, Carter and Dixon 1982), this study 
illustrates how the searching behavior of C. maculata fourth instars is 
not completely random. During our 4 h observations of 30 C. maculata 
fourth instars, they tended to crawl along leaf edges and veins as they 
searched potato leaves for L. decemlineata eggs. These predatory larvae 
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exhibited both extrinsic and area-restricted search behaviors. Prior to 
encountering prey, C. maculata fourth instars exhibited extrinsic 
searching characterized by searching potato plants apparently without 
using prey cues. No attack was initiated until there was contact 
between eggs and C. maculata larvae. In some instances, C. maculata 
larvae encountered L. decemlineata eggs for the first time, but did not 
initiate feeding, whereas others missed eggs by less than five 
millimeters. However, after attacking the first L decemlineata egg 
mass, C. maculata fourth instars exhibited area-restricted search by 
remaining on or next to the attacked egg mass. Ninety one percent of 
successful predators rested on or next to the attacked egg masses. This 
area-restricted search behavior in coccinellid larvae was also observed 
in other previous studies on some coccinelllds, including Adalia 
blpunctata, A. decempunctata, Cocclnella septempunctata, and 
Hlppodamia quinquesignata (e.g. Banks 1957, Dixon 1959, Kaddou 1960, 
Hodek 1973, Carter and Dixon 1982). In addition, similar search 
behavior was observed in adult coccineilids (e.g. Rowlands and Chapin 
1978, Nakamuta 1985, Hemptinne et al. 1996). Area-restricted search 
behavior should be advantageous for predators that encounter prey 
distributed in discrete patches (Wiedenmann and O'Neil 1991). 
The estimated total search area and search time in this study 
indicated that C. maculata lan/ae searched a greater area and for longer 
periods at low prey density than at higher prey densities. Successful 
and unsuccessful predators did not differ in the minimum and total area 
searched at the different prey densities. This type of behavior is 
characteristic of predators searching randomly without using prey 
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cues. Similar conclusions were reached by Wiedenmann and O'Neil 
(1991) in their study of the searching behavior of the predatory stink 
bug, Podisus maculiventris. In contrast to this random searching 
behavior, the reduced area searched and shorter searching time of C. 
maculata larvae after the first attack (Table 3) illustrate the area-
restricted search exhibited by C. maculata fourth instars (Hassel! and 
Southwood 1978, Carter and Dixon 1982). 
Predators found and attacked L decemlineata eggs during the 4 h 
observation periods, even at the lowest prey density. Similar results 
were observed by Munyaneza (1996), and Munyaneza and Obrycki 
(unpublished) studying the field and laboratory functional responses of 
C. maculata fourth instars to L. decemlineata egg density. In the field, 
C. maculata larvae found and attacked eggs at a prey density of 0.5 egg 
mass per m2 of leaf area. During the present study, attack rates at 
different prey densities were similar (Table 1). The most important 
factor influencing attack rate was the time to find the first egg mass. 
Once an egg mass was found, predators consumed approximately 5 eggs 
(Table 3) followed by a rest. The only observed difference between C. 
maculata larvae at the three prey densities was the greater area and 
longer searching time required to find prey at the low density compared 
to the two higher prey densities. At higher prey densities, most of 
larvae found eggs faster than larvae at low prey density (Table 4). At 
the beginning of the first egg mass feeding, eggs were entirely 
consumed but egg consumption was partial after the third egg. Partial 
egg consumption by C. maculata larvae may have an advantage of 
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reducing liandling time for the predators, and tliereby attaci<ing and 
destroying more eggs than entire prey consumption. 
Predators at higher prey densities spent significantly more time 
resting than did predators at low prey density (Table 1 and 2). In 
addition, the resting time increased as a function of time (Table 4). 
Long resting periods may be associated, not only with energy 
conservation (Wiedenmann and O'Neil 1991), but also with digestion of 
prey. In this study, most larvae were observed resting immediately 
after feeding, in contrast to unsuccessful predators, which spent most 
of the time searching, and rested near the end of the 4 h observation 
period. 
The implications of this study for using C. maculata against L. 
decemlineata in potatoes are 1) by searching a limited area and resting 
on or next to an attacked egg mass, the larvae consume more prey than 
by extrinsic searching, 2) the feeding behavior of larvae resulting in 
partial consumption of eggs may result in the destruction of more eggs 
than complete egg consumption, and 3) larvae find egg masses at 
relatively low densities, which allows them to survive and persist in 
potatoes when prey are scarce. 
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Table 1. Leptinotarsa decemlineata eggs consumed, minimum and total search area, searching time, 
feeding time, and resting time for Coleomegilla maculata fourth instars at low (2.5 egg 
rnasses/m2), intermediate (10 egg masses/m2), and high (35 egg masses/m2) prey densities. 
Prey density (mean [SE])1 
Low Intermediate High F p2 
Eiggs consumed 4.00 (1.05) 6.80 (1.44) 7.30 (1.40) 1.84 0.1779 
Minimum search area (m2) 0.11 (0.02) 0.07 (0.01) 0.06 (0.01) 2.74 0.0827 
Total search area (m2) 0.24 (0.04)a 0.08 (0.03)b 0.10 (0.02)b 6.91 0.0038 
£>earching time (h) 2.00 (0.32)a 0.79 (0.16)b 0.87 (0.21)b 7.82 0.0021 
Feeding time (h) 0.56 (0.15) 0.78 (0.18) 0.97 (0.23) 1.22 0.3110 
Flesting time (h) 1.45 (0.24)a 2.42 (0.22)b 2.15 (0.16)b 5.72 0.0085 
1N= 10 C. maculata fourth instars were observed for 4 h at each prey density. 
2df= (2, 29) 
Table 2. Searching behavior for unsuccessful Coleomegilla maculata fourth instars at low (2.5 egg 
masses/m2), intermediate (10 egg masses/m^), and high (35 egg masses/m^) prey densities. 
Prey density (mean [SE])1 
Low density Intermediate High F p2 
Minimum search area (m^) 0.14 (0.02) 0.05 (0.04) 0.10 (0.01) 2.55 0.1936 
Total search area (m2) 0.32 (0.01 )a 0.05 (0.04)C 0.18 (0.04)b 20.98 0.0076 
Searching time (h) 2.99 (0.18)C 0.86 (0.44)a 1.95 (0.28)b 15.02 0.0138 
Resting time (h) 1.05 (0.19)3 3.14 (0.44)b 2.05(0.28)C 13.99 0.0156 
Repeated-area search 2.40 (0.45) 1.00 (0.00) 1.75 (0.34) 3.19 0.1484 
1 N= 3, 2, and 2 C. maculata for low, intermediate, and high prey density treatment, respectively. 
2df= (2, 6) 
Table 3. Searching behavior for successful C. maculata fourth instars at low (2.5 egg masses/m2), 
intermediate (10 L. decemlineata egg masses/m2), and high (35 egg masses/m^) prey densities. 
Prey density (mean [SE])1 
Low Intermediate High F P2,3 
Eggs consumed 6.56 (0.86) 8.50 (1.13) 9.12 (0.87) 3.30 0.0577 
No. eggs for 1st feeding 4.71 (0.52) 5.62 (0.78) 5.75 (0.37) 0.81 0.4588 
Handling time (min) 8.69 (1.14) 7.48 (0.30) 7.86 (1.01) 0.49 0.6193 
Total feeding time (h) 0.80 (0.13) 0.98 (0.15) 1.22 (0.20) 1.55 0.2357 
Minimum search area (m2) 0.09 (0.02) 0.07 (0.02) 0.05 (0.01) 1.32 0.2906 
Min. area before 1st attack 0.09 (0.02) 0.05 (0.01) 0.04 (0.01) 2.61 0.0980 
Total search area (m2) 0.20 (0.06)3 0.09 (0.03)b 0.08 (0.02)b 4.04 0.0306 
Tot. area before 1st attack 0.19 (0.06)3 0.05 (0.01 )b 0.05 (0.01)b 5.07 0.0166 
Total searching time (h) 1.57 (0.34)3 0.78 (0.19)b 0.60 (0.13)b 5.01 0.0172 
Searching before 1st attack 1.43 (0.39)3 0.32 (0.08)b 0.29 (0.09)b 8.47 0.0022 
Total resting time (h) 1.62 (0.32) 2.24 (0.22) 2.28 (0.09) 1.85 0.1827 
Resting before 1st attack 0.55 (0.25)3 0.00 o b
 
o
 
0.00 (O.OO)b 5.67 0.0112 
1N= 7, 8, and 8 C. maculata larvae at low, intermediate, and high prey density, respectively. 
2|i\/leans followed by the same letter within rows are not statistically significant at P= 0.05. 
3df= (2, 22). 
Table 4. Leptinotarsa decemlineata eggs consumed and time budgets for eacli 1 hour for successful 
Coleomegilla maculata larvae at low (2.5 egg masses/m^), intermediate (10 egg masses/m^), and 
high (35 egg masses/m^) prey densities. 
Prey density (Mean [SE])i-2 
Low Intermediate High F p3 
L. decemlineata eggs consumed 
First hour 
Second hour 
Third hour 
Fourth hour 
1.28 (0.90)3 
1.71 (1.04) 
0.57 (0.30) 
3.00 (0.79)a 
F= 1.66 
P= 0.2901 
4.87 (0.44)b 
2.37 (0.82) 
0.87 (0.48) 
0.37 (0.26)b 
F= 36.73 
P= 0.0001 
5.12 (0.55)b 
2.62 (0.56) 
1.12 (0.44) 
0.37 (0.26)b 
F= 53.49 
P= 0.001 
11.02 
0.32 
0.42 
9.94 
0.0006 
0.7285 
0.6648 
0.0010 
Feeding time (h) 
First hour 0.21 (0.13)a 0.56 (0.06)b 0.62 (0.08)b 5.25 0.0147 
1 Comparisons within rows are ANOVA among treatments. and comparisons within columns are 
regressions within treatments as a function of time. 
2N= 7, 8, and 8 C. maculata larvae at low, intermediate, and high prey density, respectively. 
3ANOVA: df= (2,29); regressions: df= (1,27) at low, and (1,31) at intermediate and high prey density. 
Table 4 (continued) 
Second hour 0.11 (0.05) 0.26 (0.11) 0.33 (0.09) 1.60 0.2275 
Third hour 0.07 (0.04) 0.09 (0.05) 0.19 (0.08) 1.02 0.3784 
F-ourth hour 0.39 (0.14)3 0.03 (0.02)b 0.05 (0.04)b 6.09 0.0086 
Tl
 
II CO
 F= 31.33 F= 30.15 
P= 0.2984 P= 0.0001 P= 0.0001 
Searching time (h) 
First hour 0.78 (0.14)3 0.35 (0.07)b 0.30 (0.08)b 6.79 0.0056 
Second hour 0.32 (0.15) 0.06 (0.03) 0.06 (0.03) 3.26 0.0594 
Third hour 0.31 (0.12) 0.14 (0.07) 0.18 (0.06) 1.00 0.3865 
Fourth hour 0.16 (0.10) 0.24 (0.08) 0.13 (0.07) 0.49 0.6170 
F= 10.45 F= 0.67 F= 1.59 
P= 0.0033 P= 0.4201 P= 0.2168 
Resting time (h) 
First hour 0.01 (0.01) 0.08 (0.05) 0.10 (0.07) 0.85 0.4408 
Second hour 0.55 (0.13) 0.60 (0.11) 0.62 (0.10) 0.10 0.9050 
Third hour 0.62 (0.10) 0.77 (0.09) 0.66 (0.07) 0.83 0.4520 
Fourth hour 0.37 (0.13)a 0.74 (0.07)b 0.69 (0.09)b 4.09 0.0323 
F= 4.12 F= 25.44 F= 18.96 
P= 0.0526 P= 0.0001 P= 0.0001 
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DEVELOPMENTAL RESPONSE OF THREE POPULATIONS OF 
COLEOMEGILLA MACULATA (COLEOPTERA: COCCINELLIDAE) 
TO COLORADO POTATO BEETLE EGGS (COLEOPTERA: 
CHRYSOMELIDAE) 
A paper to be submitted to Environmental Entomology 
J. Munyaneza and J. J. Obrycki 
A b s t r a c t  
Laboratory experiments were conducted to determine and compare 
tlie preimaginal survival, development, and selected adult 
characteristics of three Coleomegllla maculata populations feeding on 
Leptinotarsa decemlineata eggs. Preimaginal survival of C. maculata 
from Iowa, Rhode Island, and Honduras reared on L decemlineata eggs 
ranged from 1.7 to 30%. The highest mortality of C. maculata immature 
stages occurred during the early {first and second) stadia. Higher 
preimaginal survival for Rhode Island population compared to Iowa and 
Honduras populations, suggests that C. maculata in Rhode Island is 
adapted to feeding on L. decemlineata eggs as early instars. 
Developmental rate of C. maculata was lowest on L decemlineata eggs 
and greatest on aphids. However, when first and second instars were 
provided with aphids, followed by L decemlineata eggs, there was no 
observed delay in larval development. Older C. maculata larvae readily 
feed on L. decemlineata eggs, and, in the presence of alternate prey 
such as aphids for early instars, L decemlineata eggs may be an 
adequate diet for subsequent C. maculata development and survival. 
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Females weighed more than males. No difference in sex ratio among the 
different populations was observed. 
I n t r o d u c t i o n  
Among the factors that influence insect predators in annual crops 
is the developmental response, i.e. changes in rate of development in 
response to changes in prey density (Murdoch and Oaten 1975). 
Predatory arthropods utilize the ingested prey for survival, 
development, and reproduction. If development slows down and 
reproduction is absent, the rate of predation decreases accordingly 
(Slansky and Rodriguez 1987, Crawley 1992). When prey is suitable and 
its consumption high, a greater proportion of predators will survive, 
disperse less, complete their development faster, and will produce 
adults that are more fecund (Holling 1961, Slansky and Rodriguez 1987, 
Crawley 1992). As a result, there will be a higher density of predators, 
thereby, an greater impact on the prey population. 
Coleomegilla maculata (DeGeer) (Coleoptera: Coccinellidae) is a 
beneficial predatory coccinellid that is widely distributed east of the 
Rocky Mountains in North America (Gordon 1985, Obrycki and Tauber 
1978). This coccinellid is one of the common insect predators in potato 
agroecosystems in northeastern United States (Obrycki and Tauber 
1985, Groden et al. 1990, Hazzard and Ferro 1991, Hazzard et al. 1991, 
Hilbeck and Kennedy 1996). This polyphagous coccinellid feeds on many 
food/prey items such as pollen, aphids, insect eggs, and other soft 
bodied insects (e.g. Conard 1959, Hodek 1973, Mack and Smilowitz 
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1982, Gordon 1985, Obrycki and Tauber 1985, Giles et al. 1994, Piicher 
1996). Coleomegilla maculata preys also upon the Colorado potato 
beetle [Leptinotarsa decemlineata) (Coleoptera Chrysomelidae) (Groden 
et al. 1990, Hazzard and Ferro 1991, Hazzard et al 1991, OIkowski et al. 
1992), the most destructive insect pest of potatoes {Solanum 
tuberosum) in the United States. This coccinellid species is the most 
important natural enemy attacking first generation L. decemlineata 
eggs in Massachusetts, preying upon 50% of eggs (Hazzard et al. 1991). 
It was also found to be the most abundant coccinellid species in potato 
fields in Rhode Island and Michigan (Groden et al. 1990) and North 
Carolina (Hilbeck and Kennedy 1996). 
Studies have shown that many factors such as temperature, and 
the quality and quantity of prey strongly influence C. maculata 
development (Putman 1957, Smith 1961, Smith 1965a,b, Atallah and 
Newsom 1966, Obrycki and Tauber 1978, Piicher 1996). However, with 
the exception of the study by Hazzard and Ferro (1991), little attention 
has focused on the developmental response of C. maculata when feeding 
on eggs and larvae of L decemlineata. 
As part of a comprehensive study of the assessment of 
Coleomegilla maculata predation of L decemlineata (Munyaneza 1996, 
Munyaneza and Obrycki, unpublished), the objectives of this study were 
to determine and compare the preimaginal survival and development, 
and selected adult characteristics (weight, sex ratio) of three 
populations of C. maculata feeding on L. decemlineata eggs. 
Additionally, we determined the effect of an aphid/L, decemlineata 
eggs diet on preimaginal development. 
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Materials and Methods 
Adult C. maculata were field collected from Story County (Iowa), 
Washington County (Rhode Island), and El Paraiso (Honduras) in July 
1995. Pairs were maintained at 26 ± 1 °C, a 16:8 (L:D) photoperiod, and 
were provided with water, a 1:1 mixture of honey and Wheast® 
(Qualcepts, Minneapolis, MN), pea aphids {Acyrthosiphon pisum), and 
green peach aphids {Myzus persicae). Each mating pair was held in a 
half-pint cage (0.24 liter) covered with a piece of white organdy cloth. 
Oviposition was checked daily and egg clusters were collected and 
incubated at 26 ± 1 °C. On the day of hatching each first instar was 
transferred to a separate glass vial (ca. 10 ml). Leptinotarsa 
decemlineata eggs used in the experiment were from colonies that 
were maintained at 26 ± 1 °C and a 16:8 (L:D) photoperiod on 
greenhouse-grown potato (cv. Red Pontiac) plants. 
First instar C. maculata from each population were assigned to 4 
diets: pea aphids, L. decemlineata eggs, and 2 mixtures of pea aphids 
and eggs. In the aphids/eggs diets, aphids were provided only to first 
instars of one group and to first and second instars of the second group, 
followed by L decemlineata eggs only. 
Larvae were reared singly in glass vials to the adult stage, at 26 
± 1 °C and a 16:8 (L:D) photoperiod. They were provided with an excess 
of prey daily and checked for molting. The developmental time was 
recorded for each preimaginal life stage (ecdysis to ecdysis). The 
fourth instar included the prepupa, an immobile stage preceding the 
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pupal stage. Approximately 24 h after adult eclosion, sex and weight 
were recorded. 
Each diet treatment was replicated 3 times for each population: 
20 individuals were started in each replicate. All tests used the first 
generation offspring of field-collected adults. 
Results were analyzed using SAS general linear models procedure 
(SAS Institute 1985). Analysis of variance (ANOVA) was used to test 
for differences in adult survival, total developmental time, adult 
weight, and sex ratio of C. maculata feeding on the different diets 
within each population and among populations. Adult survival and sex 
ratio data were converted to proportions and transformed to arcsine of 
the square root of these proportions before analysis of variance. The 
Student-Newman-Keuls sequential procedure was used for pairwise 
comparisons among means. The level of significance for all tests was 
set at P= 0.05. 
Voucher specimens are deposited in the Iowa State Insect 
Collection, Department of Entomology, Iowa State University, Ames, 
Iowa. 
R e s u l t s  
There were significant differences in preimaginal survival on A. 
pisum, L. decemlineata eggs, and the combination of A. pisum and eggs 
for each C. maculata population (Table 1). However, there were no 
significant differences in survival to adult on the different diets 
among the three populations, except for C. maculata reared on L. 
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decemlineata eggs only (Table 1). The lowest percentage sun/ival was 
obsen/ed for Individuals reared on L. decemlineata eggs (1,7, 5, and 30% 
for Honduras, Iowa, and Rhode Island populations, respectively), 
whereas those reared on A. pisum had the highest adult survival (78.3, 
80, and 85% for Honduras, Iowa, and Rhode Island populations, 
respectively) (Table 1). Within populations preimaginal survival was 
higher for C. maculata fed A. pisum as first and second instars than for 
those provided A. pisum to first instars only (Table 1). 
The highest mortality of C. maculata immature stages reared on 
the different diets occurred during the early (first and second) instars 
in all the populations (Figs 1, 2, and 3). Observations with light 
microscope indicated that very young first instars did not feed on L. 
decemlineata eggs. However, late second instars were observed feeding 
on L. decemlineata eggs. 
Comparisons of the total developmental times among diets within 
each population showed that there were significant differences(Tables 
2, 3, 4, and 5). However, there were no significant differences in the 
total developmental time on each diet among the three populations 
(Table 5). Total developmental time was the longest (18.3, 18.1, and 
16.9 days for Iowa, Honduras, and Rhode Island populations, 
respectively) for C. maculata reared on L decemlineata eggs. 
Individuals reared on A. pisum had the shortest total developmental 
time (13.5, 14.1, and 14.4 days for Rhode Island, Iowa, and Honduras 
populations, respectively) (Tables 2, 3, 4, and 5). Coleomegilla 
maculata fed L. decemlineata eggs following A. pisum for first and 
second instars had a shorter total developmental time than those 
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provided with A. pisum as first instars only (Tables 2, 3, 4, and 5). This 
pattern was consistent for the three populations (Table 2, 3, 4, and 5). 
Iowa and Honduras Coleomegilla maculata females developing on 
the three diets, as larvae, weighed more than males (Table 6). In 
contrast, differences in weight between C. maculata females and 
males, when reared on same diets, were not statistically different for 
the Rhode Island population (Table 6). There were no significant 
differences in weight among either males or females within each 
population when fed the different diets (Table 6). Similarly, there were 
no significant differences in weight between males or females reared 
on the same diets across the different populations (Table 6). 
Sex ratio within and among the different populations did not vary 
significantly when fed on the different diets (Table 7). 
D i s c u s s i o n  
Preimaginal survival of C. maculata reared on L. decemlineata 
eggs ranged from 1,7, 5, to 30% for Honduras, Iowa, and Rhode Island 
populations. Previously, 79% of C. maculata in Massachusetts survived 
to the adult stage when reared on L. decemlineata eggs (Hazzard and 
Ferro 1991). In the present study, the greatest mortality of C. maculata 
immature stages occurred during the early (first and second) instars 
for all the populations. Observations with light microscope indicated 
that very young first instars (less than 24 h old) of C. maculata were 
not able to feed on L. decemlineata eggs. However, late second instars 
were observed feeding on L. decemlineata eggs. One possible 
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explanation to these observations is that the L. decemlineata egg 
chorion is too hard for the soft mouthparts of these young first instars. 
However, this reason does not explain the differences in survival 
observed between the Rhode Island population and the other 2 
populations. Leptinotarsa decemlineata occurs in Iowa and Honduras 
but is not considered a pest there; its densities are generally low. In 
contrast, L. decemlineata is the major pest of potatoes in northeastern 
United States, including Rhode Island (e.g. Lashomb and Casagrande 
1981, Hare 1990, Hazzard et al. 1991, OIkowski et al. 1992). This 
suggests that C. maculata are frequently exposed to L decemlineata 
eggs in Rhode Island and has adapted to feeding on L decemlineata eggs 
as young larvae. This type of intraspecific variation may explain the 
relatively high C. maculata survival observed in Massachusetts 
(Hazzard and Ferro 1991). Another factor which may explain this high C. 
maculata survival observed in the Hazzard and Ferro (1991) study is the 
time of larval transfer to different diets after hatching. Cannibalism, 
especially by young larvae, is a common phenomenon in coccinellid 
species (Agarwala and Dixon 1992). After hatching, C. maculata larvae 
typically feed on C. maculata unhatched eggs and hatched egg chorions. 
Thus, if this feeding persists for several hours, the larvae increase in 
size and the probability of then successfully consuming L. decemlineata 
eggs may increase. Therefore, transfer of older first instars may also 
result in higher survival of subsequent stages and thereby in higher 
preimaginal survival. 
Similar to results reported by Hazzard and Ferro (1991), 
developmental rate of the three populations of C. maculata was lowest 
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on L. decemlineata eggs and highest on A. pisum. In this study, aphids 
served as alternate prey for very young first instars that may not feed 
on L. decemlineata eggs. During this study, the preimaginal 
developmental times recorded for C. maculata reared on A. pisum (14.1, 
13.5, and 14.4 days for Iowa, Rhode Island, and Honduras, respectively) 
are similar to those reported by Phofoolo and Obrycki (unpublished) on 
Iowa C. maculata reared, as larvae, on A. pisum (13.5 days), and on 
Ostrinia nubilalis eggs only and on alternated A. pisum and O. nubilalis 
eggs (13.4 days). 
In most of the instances females weighed more than males 
regardless of the diet on which they had been reared. These results 
were expected since C. maculata females are typically larger than 
males. Pilcher (1996) observed similar results for C. maculata reared, 
as larvae, on A. pisum, transgenic Bacillus thuringiensis (Bt) corn 
pollen, and nonBt corn pollen. Similar results were found by Phofoolo 
and Obrycki (unpublished) for C. maculata reared on A. pisum and O. 
nubilalis eggs. Results of our study also indicated that there were no 
significant differences in weight between males or females among 
diets or across populations (Table 6). Thus, based on weight 
characteristics, one can conclude that L. decemlineata eggs provide 
similar nutrients as aphids. 
There was no indication of significant differences in sex ratio of 
adults reared on the different diets or among populations. Therefore, 
the sex ratio of C. maculata does is not affected by L. decemlineata 
eggs as prey. Phofoolo and Obrycki (unpublished) observed similar 
results for Iowa C. maculata reared on A. pisum and 0. nubilalis eggs. 
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Results of the present study indicate that L. decemlineata eggs 
are not suitable prey for early instars of C. maculata from Iowa and 
Honduras. However, late instars of C. maculata readily feed on L. 
decemlineata eggs, and in the presence of alternate prey such as aphids 
for early instars, L. decemlineata eggs may be a very adequate diet for 
C. maculata development and survival. Aphids, especially Myzus 
persicae, are common in potato fields (e.g. Obrycki and Tauber 1985, 
Groden et al. 1990, Hazzard and Ferro 1991). Groden et al. 1990 and 
Hazzard and Ferro (1991) suggested that high densities of aphids in 
potatoes would decrease the C. maculata predation of L. decemlineata 
eggs. However, the presence of aphids in potato fields would increase C. 
maculata larval survival and development, especially for early instars 
and thereby enhance the persistence of populations of C. maculata in 
potatoes. 
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Table 1. Percentage adult survival (mean of replicate means ± SEM) for C. maculata 
populations from Iowa, Rhode Island, and Honduras populations. 
Population^ 
Diet^ Iowa Rhode Island Honduras p3 
Aphids only 80.00 ± 2.893 85.00 ± 4.00a 78.33 ± 4.41 a 0.4898 
Aphids (as 1st 
instars)+ eggs 
45.00 + 2.88b 55.00 ± 2.66ab 48.33 ± 4.4lti 0.5069 
Aphids (as 1st& 
2nd instars)+eggs 
70.33 ± 2.883 75.00 ± 2.64a 68.33 + 4.41 a 0.5069 
Eggs only 5.00 ± 5.00CrB 30.00 ± 14.4lb,A 1.66 ± 1.66C.B 0.0367 
P 0.0001 0.0065 0.0001 
HVIeans followed by the same letter within columns are not statistically different at 0.05 level 
of significance. 
2Means followed by the same capital letter within rows are not statistically different at 0.05 
level of significance. 
3ANOVA: df= (3,11) for each population; df=(2,8) for each diet. 
Table 2. Developmental time (days; mean of replicate means ± SEM) of Iowa population of C. 
rnaculata feeding on three diets. 
Diet 
Life stage^ Aphids only 
Aphids+eggs 
(ist instar) 
Aphids+eggs 
(2"d instar) Eggs only2 
First instar 2.26 ± 0.23 1.97 + 0.12 2.31 ± 0.33 3.00 ± 1.00 
Second instar 2.16 ± 0.08 2.40 ± 0.17 2.52 + 0.13 3.00 ± 1.00 
Third instar 2.47 ± 0.13 3.55 ± 0.35 2.59 + 0.13 3.66 ± 1.53 
Fourth instar 3.93 ± 0.36 4.38 ± 0.06 3.65 ± 0.03 5.33 + 1.53 
Pupa 3.28 ± 0.06 4.78 ± 0.16 3.72 ± 0.17 3.34 ± 0.58 
Total development^ 14.10 ± 0.43a 17.08 + 0.42b 14.79 ± 0.333 18.33 ± 1.53b 
1 Means followed by the same letter are not statistically different at 0.05 level of significance. 
2Mean ± SD (there was complete development in one replicate only). 
3ANOVA: F=16.54: df= (3,9); P= 0.00360 
Table 3. Developmental time (days; mean of replicate means ± SEM) of Rhode Island population of 
C. maculate feeding on three diets. 
Diet 
Life stage^ Aphids only 
Aphids+eggs 
(ist instar) 
Aphids+eggs 
(2nd instar) Eggs only 
First instar 2.25 ± 0.17 2.17 + 0.01 2.34 + 0.04 4.24 ± 0.26 
Second instar 2.21 + 0.30 2.49 ± 0.04 2.10 ± 0.15 2.79 ± 0.29 
Third instar 2.07 ±0.10 2.99 ± 0.26 3.09 ± 0.05 2.47 ± 0.29 
Fourth instar 3.83 ± 0.16 4.99 ±0.12 3.83 ± 0.25 4.41 ± 0.26 
Pupa 3.10 + 0.19 3.20 + 0.16 3.33 ± 0.01 2.98 ± 0.21 
Total development^ 13.46 ± 0.60a 15.84 ± 0.47bc 14.69 ± 0.29ab 16.89 ± 0.22C 
1 Means followed by the same letter are not statistically different at 0.05 level of significance. 
2ANOVA: F= 11.97; df= (3,9); P= 0.0025. 
Table 4. Developmental time (days; mean of replicate means ± SEM) of Honduras population of C. 
maculata feeding on three diets. 
Diet 
Life staged Aphids only 
Aphids+eggs 
(ist instar) 
Aphids+eggs 
(2nd instar) Eggs only2 
First instar 2.30 ± 0.22 2.17 ± 0.02 2.43 ± 0.30 4.60 ± 0.78 
Second instar 2.35 ± 0.05 2.54 ± 0.09 2.40 ± 0.01 2.36 ± 0.94 
Third instar 2.39 ± 0.13 3.24 ± 0.07 2.77 ± 0.25 2.94 ± 0.83 
Fourth instar 4.04 ± 0.32 4.90 ± 0.24 3.85 ± 0.18 4.60 ± 1.12 
Pupa 3.28 ± 0.06 3.90 ± 0.55 3.56 ±0.13 3.62 ± 0.41 
Total development^ 14.36 ± 0.46a 16.75 ± 0.36b 15.01 ± 0.14a 18.12 ± 1.09b 
1 Means followed by the same letter are not statistically different at 0.05 level of significance. 
2Mean ± SD (there was complete development in one replicate only). 
3ANOVA: F= 14.74; df= (3,9); P= 0.0036. 
Table 5. Total developmental time (days; mean of replicate means ± SEM) of C. maculata 
feeding on three diets for Iowa, Rhode Island, and Honduras populations. 
Population^ 
Diet2 Iowa Rhode Island Honduras p4 
Aphids only 
Aphids (as 1st 
instars)+Eggs 
Aphids (as 1st& 
2nd instars)+eggs 
Eggs only3 
14.10 ± 0.43b 
17.08 ± 0.42a 
14.79 ± 0.33b 
18.33 ± 1.53a 
13.46 + 0.60C 14.36 ± 0.46b 
15.84 ± 0.47ab 16.75 ± 0.36^ 
14.69 ± 0.29bc 15.01 ± 0.14b 
16.89 ± 0.22a 18.12 ± 1.09a 
0.4878 
0.1708 
0.7070 
0.1210 
1 Means with the same letter within columns are not statistically different at level of 
significance of 0.05. 
2Means within rows are not statistically significant at P= 0.05. 
sMean ± SD for Iowa and Honduras populations. 
4ANOVA: df= (2,4) for eggs diet; df= (2,8) for other diets. 
Table 6. Adult weight (mg; mean of replicate means ± SEM) of Coleomegilla maculata feeding on 
three diets for Iowa, Rhode Island, and Honduras populations. 
Population 
Diet Sex Iowa Rhode Island Honduras P 
Aphids only Male 
Female 
6.20 ± 0.25 
8.13 ± 0.55 
P= 0.0337 
6.11 + 0.61 
7.72 ± 0.36 
P= 0.0866 
6.00 + 0.06 
8.40 ± 0.36 
P= 0.0028 
0.9351 
0.5692 
Aphids (as 1st 
instars)+eggs 
Male 
Female 
6.67 ± 0.30 
8.55 ± 0.32 
P= 0.0125 
6.45 + 0.53 
7.83 ± 0.82 
P= 0.2298 
6.40 + 0.36 
8.83 ±0.18 
P= 0.0037 
0.8837 
0.4240 
Aphids (as 1st& 
2nd instars)+eggs 
Male 
Female 
6.30 ± 0.38 
8.94 ± 0.28 
P= 0.0005 
6.02 + 0.61 
7.98 ± 0.66 
P= 0.0973 
6.47 ± 0.35 
8.53 + 0.40 
P= 0.0180 
0.8006 
0.4202 
Eggs onlyi Male 
Female 
6.20 ± 1.42(SD) 
7.80 ± 1.58(SD) 
5.82 ± 0.35 
7.50 ± 0.55 
P= 0.0623 
5.70 ± 0.97(SD) 
— 
p2 Male 
Female 
0.7212 
0.3024 
0.8640 
0.9535 
0.4901 
0.6553 
^Data for this diet were not included in statistical analysis for Iowa and Honduras populations 
because very low or no survival on L. decemlineata eggs only. 
2p values are for either males or females within columns. 
Table 7. Percentage of females (mean of replicate means ± SEM) for Coleomegilla maculata 
populations from Iowa, Rhode Island, and Honduras. 
Population 
Diet Iowa Rhode Island Honduras P 
Aphids only 51.6 ± 1.17 59.3 ± 4.90 55.4 ± 10.13 0.7926 
Aphids (as 1st 
instars)+eggs 
47.3 ± 12.19 40.7 ± 4.66 43.0 ± 9.94 0.8934 
Aphids (as 1st& 
2nd instars)+eggs 
57.7 ± 3.85 47.5 ± 7.15 60.7 ± 2.99 0.2264 
Eiggs only 66.7 ± 6.71(SD) 60.0 ± 23.09 
— 
-
pi 0.6700 0.6607 0.2254 
1ANOVA: df= (2,8) for each diets; df= (3,11) for populations. 
96  
Figure 1. Percentage survival (mean of replicate means ± SEM) of Iowa 
C. maculata individuals completing different life stages feeding on four 
diets: pea aphids only, 2 mixtures of pea aphids and L decemlineata 
eggs, and L decemlineata eggs only. 
Figure 2. Percentage survival (mean of replicate means ± SEM) of 
Rhode Island C. maculata individuals completing different life stages 
feeding on four diets: pea aphids only, 2 mixtures of pea aphids and L. 
decemlineata eggs, and L decemlineata eggs only. 
Figure 3. Percentage sun/ival (mean of replicate means ± SEM) of 
Honduras C. maculata individuals completing different life stages 
feeding on four diets: pea aphids only, 2 mixtures of pea aphids and L. 
decemlineata eggs, and L decemlineata eggs only. 
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REPRODUCTIVE RESPONSE OF COLEOMEGILLA MACULATA 
(COLEOPTERA: COCCINELLIDAE) TO COLORADO POTATO BEETLE 
EGGS (COLEOPTERA: CHRYSOMELIDAE) 
A paper to be submitted to Environmental Entomology 
J. Munyaneza and J. J. Obrycki 
Abstract  
A laboratory study was conducted to quantify the preoviposition 
period, duration and frequency of oviposition, and the fecundity of 
Coleomegilla maculata (Coleoptera: Coccinellidae) feeding on a range of 
Colorado potato beetle {Leptinotarsa decemllneata) (Coleoptera: 
Chrysomelidae) egg densities. In addition, the effects of A. pisum and L. 
decemllneata eggs as preimaginal diets on the reproduction of C. 
maculata females were measured. Leptinotarsa decemllneata eggs are 
adequate prey for C. maculata egg production. A water and honey-
Wheast® mixture diet was not sufficient for C. maculata reproduction, 
but adults remained alive on this diet for up to 98 days. The 
preoviposition period was significantly shorter for C. maculata females 
feeding on pea aphids than for females feeding on L. decemllneata eggs. 
At the lowest L. decemllneata egg density (2 eggs/day), females had 
longer preoviposition periods than at the higher prey densities. 
Interoviposition periods and the numbers of days on which females laid 
eggs were not different among diets. In addition, there was no 
difference in fecundity among females feeding on the different diets. 
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I n t r o d u c t i o n  
The effects of arthropod predators on insect pests in annual crops 
depends, in part, on their numerical responses, i.e., their ability to 
change their numbers in response to changes in numbers of prey 
(Solomon 1949, Holling 1961, Smith 1965a, Crawley 1975, Oaten and 
Murdoch 1975, Price 1975, O'Neil and Wiedenmann 1987, Karieva 1990). 
Numerical responses are measured as the effect of prey availability on 
female reproduction (i.e. fecundity), development and survival rates of 
immatures and by dispersal of mobile stages of a predator from an area 
of low prey density to areas of high prey density (Smith 1965a, 
Crawley 1975, Wright and Laing 1980, Hughes et al. 1984, DeBach and 
Rosen 1991). 
Species of predatory coccinellids vary greatly in their numerical 
responses to prey densities. Their ability to increase in numbers 
depends on the effects of the food quality and quantity on reproduction, 
development, and survival (Dixon 1959, Smith 1965a,b, Mills 1982, 
Ferran et al. 1984, Hemptinne et al. 1992). 
The Colorado potato beetle, Leptinotarsa decemlineata (Say) 
(Coleoptera: Chrysomelidae), is the most destructive insect pest of 
potatoes (Solanum tuberosum) in the United States (Lashomb and 
Casagrande 1981, Ferro 1985, Hare 1990). Development of widespread 
resistance by the beetle to virtually all available insecticides and 
environmental contamination caused by insecticides used for its 
control (Ferro 1985, Forgash 1985, Hare 1990, Radcliffe et al. 1991) 
have resulted in increased efforts in biological control, including 
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manipulation of naturally occurring predators (e.g. Ferro 1985, Hough-
Goldstein and Keil 1991, Biever and Chauvin 1992a,b, OIkowski et al. 
1992, Hough-Goldstein et al. 1993). 
Coleomegilla maculata DeGeer (Coleoptera: Coccinellidae) is a 
beneficial predatory cocccinellid species that is widely distributed 
east of the Rocky Mountains in North America (Obrycki and Tauber 
1978, Gordon 1985). It Is a common predator in potato fields 
throughout the eastern United States (Obrycki and Tauber 1985, Groden 
et al. 1990, Hazzard and Ferro 1991, Hazzard et al. 1991). This 
polyphagous coccinellid preys on several aphid species (Gordon 1985) 
and eggs and larvae of numerous other insects, including L. 
decemlineata (Groden et al. 1990, Hazzard and Ferro 1991, Hazzard et 
al. 1991, OIkowski et al. 1992), Ostrinia nubilalis (Conrad 1959), 
Heliothis zea (Whitcomb 1967), Hyphantria cunea (Warren and Tadic 
1967), Oulema melanopus (Shade et al. 1970). Coleomegilla maculata 
also feeds and develops on pollen and fungal spores (Smith 1961, Smith 
1965a,b, Warren and Tadic 1967, Hodek et al. 1978, Hazzard and Ferro 
1991, Pilcher 1996). This coccinellid is the most important natural 
enemy attacking first generation L. decemlineata eggs in 
Massachusetts, preying upon 50% of L decemlineata eggs (Hazzard et al. 
1991). It was also found to be the most abundant coccinellid species in 
potato fields in Rhode Island and Michigan (Groden et al. 1990), and 
North Carolina (Hilbeck and Kennedy 1996). 
Coleomegilla maculata reproduces on various artificial diets, 
pollen, aphids, and fall webworm (Smith 1961, Smith 1965a,b, Atallah 
and Newsom 1966, Warren and Tadic 1967, Hodek et al. 1978, Hazzard 
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and Ferro 1991). Hazzard and Ferro (1991) measured the rate of C. 
maculata oviposition when maintained on L. decemlineata eggs. 
However, they did not address the reproductive response of C. maculata 
to low egg densities. 
As part of an assessment of C. maculata predation of the Colorado 
potato beetle (Munyaneza 1996, Munyaneza and Obrycki, unpublished), 
the objective of this study was to quantify the reproductive response 
of C. maculata to a range of L. decemlineata egg densities, including 
low prey densities. 
Materials and Methods 
Adult C. maculata were collected from alfalfa fields in Story 
County, Iowa in June 1995. Pairs were maintained in the laboratory at 
26 ± 1 °C and a 16:8 (L:D) photoperiod and fed pea aphids {Acyrthosiphon 
pisum). Eggs were collected and incubated at 26 ± 1°C. After egg 
hatching, C. maculata were reared singly in glass vials (ca. 10ml), on 
either A. pisum or a mixture of L. decemlineata eggs and A. pisum. In 
the aphid/egg diet, aphids were provided only to first instars. Sex was 
determined on the day of adult eclosion. All mating pairs, in half-pint 
cages (0.24 liter), were provided with water and a 1:1 mixture of honey 
and Wheast® (Qualcepts, Minneapolis, MN). From each larval diet, 25 
pairs were assigned to each of the following adult diets: 1) water and 
the honey-Wheast® mixture only, 2) daily excess of pea aphids, 3) daily 
excess of L decemlineata eggs (>15), 4) 10 eggs, 5) 5 eggs, and 6) 2 
eggs. Mating was observed during the first 7 days. Coleomegilla 
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maculate males were removed from the cages 10 days after the pairs 
were established. During the 10 days before the removal of the males, 
the number of eggs and aphids provided as prey was doubled. All studies 
were conducted at 26 ± rC and a photoperiod of 16:8 (L:D). 
Oviposition was checked each day during a 98-day experimental 
period; all eggs were counted from each female, including the remains 
of cannibalized eggs. The preoviposition period was determined by 
recording the number of days from eclosion to the initiation of egg 
laying. The number of days on which eggs were laid and days between 
successive ovipositions (the interoviposition period) were recorded for 
each female. The oviposition period is defined as the interoviposition 
periods plus the number of days on which there was oviposition. 
Fecundity, defined as the total number of eggs laid per female, was 
calculated for the 98-day experimental period. The percentage of 
females that oviposited at least once during the experiment and those 
that survived for 98 days were recorded. 
Data were analyzed using SAS general linear models procedure 
(SAS Institute 1985). Analysis of variance (ANOVA) was used to test 
for differences in preoviposition and interoviposition periods, number 
of days on which eggs were laid, daily oviposition, and fecundity among 
diets. To determine if there was an interaction between preimaginal 
and imaginal diets, an analysis of variance was performed comparing 
females reared on each larval diet and then maintained on an excess of 
either A. pisum or L. decemlineata eggs as adults. The Student-
Newman-Keuls sequential procedure was used for pairwise 
105  
comparisons among means. The level of significance for all the tests 
was set at P= 0.05. 
Voucher specimens are deposited in the Iowa State University 
Insect Collection, Department of Entomology, Iowa State University, 
Ames, lA 50011. 
R e s u l t s  
Water and honey-Wheast® mixture as adult diet 
Females provided with only water and a honey-Wheast® mixture 
did not lay eggs (Table 1). However, 28% of females reared on aphids 
and 48% of females reared on the aphid/egg diet, survived for 98 days 
(Table 1). The average life span for these females was 68.5 ± 17.5 (SD) 
days for those reared on aphids and 71 ± 21.3 (SD) days for those reared 
on the aphid/egg diet. In contrast, 88-96% of females maintained on 
aphids and 52-92% of those maintained on L decemlineata eggs, as 
adults, oviposited at least once during the experiment (Table 1). 
Survival to the end of the experiment for these females ranged from 28 
to 76% (Table 1). 
Preimaginal diet of A. pisum 
Preoviposition periods ranged from 4 to 21 days for females 
feeding on A. pisum, and 5-44, 5-42, 6-44, and 8-49 days for those 
feeding on more than 15 eggs, 10 eggs, 5 eggs, and 2 eggs, respectively. 
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The majority of females on each diet (except those getting 2 eggs per 
day) had preoviposition periods ranging from 4 to 15 days (Fig. 1A). 
Less than 5% of females on each diet had preoviposition periods >35 
days (Fig. 1A). Therefore, analysis of variance was performed on those 
females with a preoviposition period <35 days. There were significant 
differences in the preoviposition periods among females on the five 
diets (ANOVA, F= 8.05; df= 4,105; P= 0.0001) (Table 2). Females feeding 
on aphids had a shorter preoviposition period (6.8 ± 0.9 days) than those 
feeding on L. decemlineata eggs. In addition, the preoviposition period 
for females feeding on 2 L decemlineata eggs was the longest (23.1 ± 
2.3 days) (Table 2). 
Interoviposition periods ranged from 0 (for continuously 
ovipositing females) to 41 days. Between 83 and 90% of females 
feeding on aphids, >15 eggs, 10 eggs, 5 eggs, and 2 eggs had 
interoviposition periods ranging from 0 to 7 days (Fig. 2A). Less than 
23% of females had interoviposition periods of more than 13 days and 
ranged from 22-53 days. Thus, analysis of variance was performed on 
females with interoviposition periods <13 days. Interoviposition 
periods did not differ significantly among females feeding on the 5 
different diets (ANOVA, F= 0.38; df= 4,96; P= 0.8239) (Table 2). 
The number of days on which eggs were laid did not differ 
significantly among the females on the different diets (ANOVA, F= 1.39; 
df= 4,106; P= 0.2410) (Table 2). The majority of females (95.5, 86.65, 
81.83, 85.0, and 76.2% of females feeding on aphids, >15 eggs, 10 eggs, 
5 eggs, and 2 eggs per day, respectively) laid eggs on 1 to 12 days 
during the 98-day experimental period (Fig. 3A). 
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There were no significant differences in daily oviposition among 
females on the different diets (ANOVA, F= 0.83; df= 4,104; P= 0.5116) 
(Table 2). The daily oviposition ranged from 5 to 24 eggs. The most 
frequent daily oviposition rates were between 6 and 15 eggs per day 
per female (Fig. 4A). 
The total number of eggs per female (fecundity) did not differ 
significantly among females on different diets (ANOVA, F= 0.94; df= 
4,103; P= 0.4466) (Table 2). Fecundity ranged from 7 to 386 eggs. The 
majority of females (80.7, 71.3, 76.2, 80.4, and 75.8% of females 
feeding on aphids, >15 eggs, 10 eggs, 5 eggs, and 2 eggs, respectively) 
laid 35 to 150 eggs (Fig. 5A). 
During the oviposition period, rates of oviposition and the 
proportion of ovipositing females fluctuated over time for the various 
diets (Fig. 6A and 7A). The proportion of females laying eggs increased 
during the first 5 weeks, then decreased with time. In contrast, the 
number of eggs laid per week per female increased during the first 3 
weeks, then stayed almost steady until the end of the experimental 
period. 
Preimaginal diet of A. pisum and L. decemlineata eggs 
The range of the preoviposition period was 4 to 16 days for 
females feeding on aphids, and 5-80, 6-23, 6-45, and 6-52 days for 
those feeding on more than 15 eggs, 10 eggs, 5 eggs, and 2 eggs, 
respectively. Less than 10% of females on each diet had preoviposition 
periods >35 days (Fig. IB). Thus, only females with a preoviposition 
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period <35 days were included in statistical analysis. The 
preoviposition periods of females feeding on the different diets were 
significantly different (ANOVA, F= 14.20; df= 4,91; P= 0.0001) (Table 
3). Similarly to females reared on aphids, females feeding on aphids 
had a shorter preoviposition period than those feeding on CPB eggs. 
Furthermore, the longest preoviposition period was found in females 
feeding on 2 L. decemlineata eggs per day (Table 3). 
Interoviposition periods ranged from 0 to 53 days. Sixty eight to 
92% of females feeding on aphids, >15 eggs, 10 eggs, 5 eggs, and 2 
eggs, had interoviposition periods ranging from 0 to 10 days (Fig. 2B). 
Differences between females feeding on different diets and whose 
interoviposition periods <13 days were not statistically significant 
(ANOVA, F= 0.16; df= 4,74; P= 0.9601) (Table 3). 
There were significant differences in number of days on which 
eggs were laid by females on the different diets (ANOVA, F= 2.39; df= 
4,94; P= 0.0563) (Table 3). Ninety-six, 86, 100, 100, and 100% of 
females feeding on aphids, >15 eggs, 10 eggs, 5 eggs, and 2 eggs per 
day, respectively, laid eggs on 1 to 13 days (Fig. 3B). 
Daily oviposition among females on the different diets was 
significantly different (ANOVA, F= 6.05; df= 4,95; P= 0.0002) (Table 3). 
The range of daily oviposition was 3 to 22 eggs. Similar to females 
reared on aphids, the most frequent daily oviposition rates were 6 to 
15 eggs per day per female (Fig. 48). 
There were significant differences in fecundity among females on 
the different diets (ANOVA, F= 2.62; df= 4,94; P=0.0400) (Table 3). 
Fecundity ranged from 4 to 204 eggs with the majority of females (75, 
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76.2, 57, 88, and 77.8% of females feeding on aphids, >15 CPB eggs, 10 
CPB eggs, 5 CPB eggs, and 2 CPB eggs, respectively) ovipositing 20 to 
150 eggs (Fig. 5B). 
There were fluctuations over time in rates of oviposition and the 
proportion of ovipositing females feeding on the different diets during 
the oviposition period (Figs 6B and 7B). Similar to females reared on 
aphids, the proportion of ovipositing females increased in the first 5 
weeks, then decreased over time, except for females feeding on 10 eggs 
per day that entered the diapause after the fifth week. A similar 
ovipositing pattern to that of females reared on aphids was observed, 
except for females getting 10 eggs per day. 
Interaction between preimaginal and imaginal diet 
There was no significant interaction between preimaginal and 
imaginal diets on preoviposition period (ANOVA, F= 0.91; df= 1,86; P= 
0.3420), interoviposition period (ANOVA, F= 0.74; df= 1,79; P= 0.3922), 
number of days on which eggs were laid (ANOVA, F= 0.69; df= 1,88; P= 
0.4084), and fecundity (ANOVA, F= 0.01; df= 1,88; P= 0.9187) of 
females reared on each preimaginal diet and then maintained on aphids 
or more than 15 L. decemlineata eggs (Tables 2 and 3). 
D i s c u s s i o n  
Leptinotarsa decemlineata eggs are adequate prey for C. maculata 
egg production. Similar results were found by Hazzard and Ferro (1991). 
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Water and honey-Wheast mixture alone were not sufficient for C. 
maculata reproduction, but females remained alive on the this diet for 
up to 98 days (Table 1). Similar results were reported by Smith (1965b) 
who showed that some foods and diets , though not adequate for egg 
production, increase longevity of some coccinellids, including C. 
maculata. For example, when offered a number of artificial moist and 
dry foods, C. maculata ate and sun/ived on them but laid eggs only when 
fed fresh liver, a diet based on fresh bananas, and a dry diet of 
egg/meat, liver, yeast, and sucrose (Smith 1965b). Similarly, Giles 
(1992) and Giles et al. (1994) pointed out that C. maculata survives on 
Hypera postica larvae but does not reproduce on these larvae. In the 
field, this kind of alternate food may keep C. maculata adults alive 
until food adequate for reproduction is available. 
The preoviposition period was significantly shorter for C. 
maculata females feeding on pea aphids than for those feeding on eggs, 
regardless of the preimaglnal diet. At the lowest egg density (2 eggs 
per day), females had longer preoviposition periods than at the higher 
prey densities. This delayed oviposition may be explained by the 
occurrence of reproductive diapause induced by the quality and quantity 
of food in coccinellids (Hagen 1962, Hodek 1973, Hodek et al. 1978). 
Similar delays in oviposition has been observed by other researchers. 
For example, Hodek et al. (1978) found that preoviposition period was 
almost two times shorter for C. maculata females feeding on pea 
aphids than those feeding on corn pollen. In our study, the 
preoviposition period was about 2 and 3 times longer for C. maculata 
females maintained on a daily diet of more than 15 and 2 L. 
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decemlineata eggs, respectively, than those maintained on an excess of 
A. pisum (Tables 2 and 3). Phofoolo and Obrycki (unpublished) found that 
preoviposition period of C. maculata females feeding on A. pisum, as 
both larvae and adults, was almost 2 times (12.9 ± 3.06 days) that 
observed in our study (6.77 ± 0.91 days). This difference may have 
resulted in large variations in preoviposition period among females in 
the Phofoolo and Obrycki (unpublished) study. 
Interoviposition periods and the number of days on which eggs 
were laid did not differ significantly among females feeding on aphids 
or eggs (Table 2 and 3). Phofoolo and Obrycki (unpublished) also 
reported similar results on the interoviposition periods of C. maculata 
females feeding on A. pisum as both larvae and adults (2.35 ± 0.30 
days), O. nubilalis eggs as both larvae and adults (3.24 ± 0.77days), and 
on different diet combinations of A. pisum an6 0. nubilalis eggs (1.52-
2.68 days). These interoviposition periods compare closely with those 
(in days) of C. maculata females feeding on beef (3.8 ± 0.8), egg 
albumen (4.6 ± 0.8), liver (3.4 ± 0.5), and yeast (3.6 ± 0.5) (Smith 
1965b). These results suggest that there is no influence of type of food 
on the interoviposition period of C. maculata. 
Significant differences in daily oviposition were observed for C. 
maculata females reared on aphids-eggs as preimaginal diet (Table 3). 
However, the daily oviposition rate (approximately 10 eggs/day/ 
female) observed for females reared and feeding on A. pisum as both 
larvae and adults, by Phofoolo and Obrycki (unpublished), was similar to 
that observed in our study (12 eggs/day/female). The results of the 
present study differ from those of Hazzard and Ferro (1991) who 
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reported that C. maculata females laid more eggs per day on green 
peach aphid {Myzus persicae) diet (3.89 ± 0.69 eggs/femaie/day) than 
on L. decemlineata egg diet (0.87 ± 0.47 eggs/female/day). They also 
reported that 85% of females fed M. persicae produced eggs compared 
to 25% of those fed L. decemlineata eggs. In our study 88-96% of 
females feeding on A. pisum and 84-92% of females fed L decemlineata 
eggs (except those with L. decemlineata eggs as preimaginal diet and 
provided 10 eggs daily) produced eggs. The differences between the two 
studies are probably due to the relatively short experimental period (7 
days) in Ferro and Hazzard (1991) study. Some diets may extend the 
preoviposition period in some coccinellids. For example, Hodek et al. 
(1978) showed that corn pollen temporarily slowed oviposition in C. 
maculata females. However, normal oviposition in these females 
resumed after 7 weeks. Hodek et al. (1978) suggested that this 
oviposition inhibition was a diapause induced by food, similar to the 
one described by Hagen (1962) in Hippodamia convergens. Thus, the low 
percentage (25%) of C. maculata females feeding on L. decemlineata 
eggs and laying eggs in the Hazzard and Ferro (1991) study may be 
explained by the long preoviposition periods of C. maculata females 
feeding on L decemlineata eggs observed in the present study. 
Oviposition patterns in C. maculata females feeding on the 
different diets indicated fluctuations in rates of oviposition and the 
proportion of ovipositing females over time (Figs. 6 and 7). These 
fluctuations are attributable to large variation in preoviposition and 
interoviposition periods among females on each diet. This variation 
was the result of 12-48% and 16-100% of females with aphids and L. 
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decemlineata eggs as preimaginal diets, respectively, entering 
diapause. Phoofolo and Obrycki (1995) reported similar oviposition 
pattern in four Coccinella septempunctata populations from Iowa, 
Delaware, France, and Ukraine, when reared on A. pisum. Similar 
variations in oviposition were also observed by Phofoolo and Obrycki 
(unpublished) with C. maculata females feeding on A. pisum and 0. 
nubilalis eggs. 
Fecundity did not differ significantly among females feeding on 
the different diets, even at a low prey density of 2 L. decemlineata 
eggs per day, with the exception of females reared on aphids-eggs as 
preimaginal diet and provided with 10 L. decemlineata eggs daily. This 
difference in fecundity was the result of few (52%) females 
ovipositing and of all of the females, in the latter group, entering 
diapause by the fifth week of the 14 week-experimental period. The 
reasons for this early diapause are not clear. These results contrast 
with those of Phofoolo and Obrycki (unpublished) who reported that 
fecundity of female C. maculata was influenced by both larval and adult 
diets of A. pisum and 0. nubilalis eggs. Large variation in fecundity was 
observed among females on each diet. In general, females that had short 
preoviposition and interoviposition periods had higher fecundities than 
females with either long preoviposition periods or long 
interoviposition periods. Similar observations were reported by 
Phofoolo and Obrycki (1995) with C. semptempunctata females feeding 
on A. pisum. 
During the present study, the fertility of C. maculata females was 
not quantified. However, observations of egg hatch indicated that eggs 
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were fertile. In addition, we did not keep tracl< of liow many eggs were 
consumed by each lan/a at each prey density, but overall, ail eggs at 
lower densities (2 and 5 eggs/day) were daily consumed. 
Groden et al. (1990) and Hazzard et al. (1991) found the numbers 
of C. maculata to be well synchronized with populations of first 
generation L. decemlineata eggs in Michigan, Rhode Island, and 
Massachusetts. In addition, Hazzard et al. (1991) indicated that C. 
maculata contributes to the control of late generation of L. 
decemlineata in Massachusetts. Moreover, Hazzard et al. (1991) showed 
that reproduction of C. maculata occurred in potato fields in 
Massachusetts, as indicated by presence of C. maculata larvae in their 
samples. Furthermore, Hilbeck and Kennedy (1996) indicated that most 
of coccinellid eggs, larvae, and adults obsen/ed in eastern North 
Carolina potato fields were C. maculata. 
Groden et al. (1990), Hazzard and Ferro (1991), and Hazzard et al. 
(1991) also pointed out that high densities of Myzus persicae in 
potatoes likely would decrease the effectiveness of C. maculata 
against the Colorado potato beetle. However, presence of aphids in 
potato fields would enhance the larval development of C. maculata 
(Hazzard and Ferro 1991, Munyaneza 1996, Munyaneza and Obrycki, 
unpublished). In a study of the developmental response of C. maculata to 
Colorado potato beetle eggs (Munyaneza 1996, Munyaneza and Obrycki, 
unpublished), results showed that alternate prey such as aphids were 
very important for the survival of early (first and second) instars of C. 
maculata, which have difficulties handling Colorado potato beetle eggs. 
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The results of the present study showed that L. decemlineata eggs 
are suitable prey for C. maculata egg production, even at low prey 
densities. Studies (e.g. Legaspi 1991, Vaiicente and O'Neil 1995) 
showed that there is a trade-off between survival and reproduction 
when predators are feeding on relatively few prey. When fed 2 L. 
decemlineata eggs per day, C. maculata females did not show any 
difference in fecundity compared to females feeding on an excess of A. 
pisum. These results indicate that the reproductive threshold of C. 
maculata is less than 2 L decemlineata eggs. In general, each female L. 
decemlineata produces about 300 to 500 eggs in egg masses of 10 to 40 
eggs (Norton and Capinera 1987, OIkowski et al. 1992). As a result, 
once a L decemlineata egg mass is found, it is likely that more than 2 
eggs will be consumed by C. maculata] but even with this relatively low 
prey availability, this predatory coccinellid could reproduce and 
maintain its populations in potato fields, even through periods when L. 
decemlineata eggs are scarce. 
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Table 1. Percentage of Coleomegilla maculata females ovipositing at least once during the 
experiment and percentage survival for 98 days. 
% of females^ 
ovipositing 
% survival 
for 98 days 
Imaginal 
diet 
Aphids as 
preimaginal 
diet 
Eggs as 
preimaginal 
diet 
Aphids as 
preimaginal 
diet 
Eggs as 
preimaginal 
diet 
Water & honey-
Wheast® mixture 0 0 28^ 48 
Pea aphids 96 88 68 64 
Eggs (>15) 88 92 76 72 
10 eggs 92 52 56 28 
5 eggs 88 80 60 32 
2 eggs 84 84 60 56 
females were started in each treatment. 
^24% of the total number of females died, stuck in the honey-Wheast® mixture. 
Tabie 2. Preoviposition period and interoviposition periods, number of days on whicli eggs were 
laid, daily oviposition, and fecundity of C. maculate females reared on A. pisum. 
Imaginal 
diet 
Preoviposi­
tion period 
X + SEM1 
Interovipos­
ition period 
X±SEM 
No. of daily 
ovipositions 
X±SEM 
Daily 
oviposition 
X±SEM 
Fecundity^ 
(eggs/9) 
X±SEM 
Aphids 6.77 ± 0.9ia 3.18 ± 0.72 5.41 + 0.78 12.23 ± 1.11 73.45 ± 14.41 
Eggs (>15) 13.04 + 2.22b 3.99 ± 0.70 7.68 + 1.00 13.86 ± 1.01 109.36 ± 16.73 
10 eggs 12.41 ± 1.86b 4.00 ± 0.66 7.91 ± 1.05 13.85 ± 0.93 111.82 ± 19.16 
5 eggs 14.95 + 2.35b 4.55 ± 0.99 7.75 + 0.89 12.61 ± 1.16 106.47 ± 13.21 
2 eggs 23.05 ± 2.28C 4.05 ± 0.67 8.52 ± 1.29 11.90 ± 0.94 102.66 ± 17.05 
1 Means followed by the same letter within columns are not different at 0.05 level of significance. 
2F"ecundity was calculated for the 98 day experimental period. 
Table 3. Preoviposition period and interoviposition periods, number of days on wfiich eggs were 
laid, daily oviposition, and fecundity of C. maculata reared on A. pisum and L. decemlineata eggs and 
as preimaginal diet. 
Imaginal 
diet 
Preoviposi­
tion period 
X±SEM1 
Interovipos­
ition period 
X±SEM 
No. of daily 
ovipositions 
X±SEM 
Daily 
oviposition 
X + SEM 
Fecundity^ 
(eggs/9) 
X±SEM 
Aphids 5.79 ± 0.54a 3.91 ± 0.88 6.08 ± 0.86 9.07 ± 0.67C 56.41 ± 10.04ab 
Eggs (>15) 14.10 ± 2.23b 4.76 ± 0.67 6.71 ± 1.27 14.32 ± 0.85a 95.48 + 19.87a 
10 eggs 11.28 ± 1.31b 4.60 ± 1.46 2.57 ± 0.50 12.17 ± 1.13ab 33.21 ± 8.37b 
5 eggs 14.78 + 1.63b 4.43 ± 0.80 6.35 + 0.85 12.62 ± 0.90ab 76.06 ± 11.03ab 
2 eggs 22.94 ± 2.47c 4.50 ± 0.74 5.63 ± 0.87 10.65 ± 0.9lbc 65.37 ± 12.26ab 
1 Means followed by the same letter within columns are not different at 0.05 level of significance. 
2Fecundity was calculated for the 98 day experimental period. 
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Figure 1. Preoviposition periods of C. maculata females feeding on A. 
pisum, >15 L decemlineata eggs, 10 eggs, 5 eggs, and 2 eggs. (A) A. 
pisum as preimaginal diet, (B) L decemlineata eggs as preimaginal diet. 
Figure 2. Interoviposition periods of C. maculata females feeding on A. 
pisum, >15 L. decemlineata eggs, 10 eggs, 5 eggs, and 2 eggs. (A) A. 
pisum as preimaginal diet, (B) L decemlineata eggs as preimaginal diet. 
Figure 3. Number of days on which eggs were laid for C. maculata 
females feeding on A. pisum, >15 L. decemlineata eggs, 10 eggs, 5 eggs, 
and 2 eggs for a 98-day experimental period. (A) A. pisum as 
preimaginal diet, (B) L. decemlineata eggs as preimaginal diet. 
Figure 4. Daily oviposition rates of C. maculata females feeding on A. 
pisum, >15 L decemlineata eggs, 10 eggs, 5 eggs, and 2 eggs for a 98-
day experimental period. (A) A. pisum as preimaginal diet, (B) L. 
decemlineata eggs as preimaginal diet. 
Figure 5. Total number of eggs per C. maculata female (fecundity) 
when feeding on A. pisum, >15 L decemlineata eggs, 10 eggs, 5 eggs, 
and 2 eggs for a 98-day experimental period. (A) A. pisum as 
preimaginal diet, (B) L. decemlineata eggs as preimaginal diet. 
Figure 6. Percentage of C. maculata females ovipositing weekly when 
feeding on A. pisum >15 L decemlineata eggs, 10 eggs, 5 eggs, and 2 
eggs for a 98-day experimental period. (A) A. pisum as preimaginal 
diet, (B) L. decemlineata eggs as preimaginal diet. 
Figure 7. Weekly oviposition of C. maculata females feeding on A. 
pisum, >15 L decemlineata eggs, 10 eggs, 5 eggs, and 2 eggs for a 98-
day experimental period. (A) .4. pisum as preimaginal diet, (B) L. 
decemlineata eggs as preimaginal diet. 
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GENERAL SUMMARY 
The overall goal of this research was to define the key 
adaptations of the predatory lady beetle, Coleomegilla maculata, in 
potatoes. The prey used was the Colorado potato beetle, Leptinotarsa 
decemlineata, the most destructive insect pest of potatoes in the 
United States. The specific objectives were to: 1) estimate attack 
rates of C. maculata fourth instars and describe their functional 
response to L decemlineata eggs under laboratory, greenhouse, and 
field, 2) observe and quantify the foraging behavior of C. maculata 
fourth instars feeding on L decemlineata eggs in the greenhouse, 3) 
determine the survival and developmental response of C. maculata 
feeding on L. decemlineata eggs, and 4) measure the reproductive 
response of C. maculata to a range of L decemlineata egg densities, 
including low prey density. 
During the functional response study, prey densities used ranged 
from 78 to 547 L decemlineata egg masses per m2 (i.e., 1 to 7 egg 
masses/9-cm Petri dish) in the laboratory and from 0.5 to 35 L. 
decemlineata egg masses per m2 of leaf area in the greenhouse and 
field. Fourth instar C. maculata exhited a type II functional response to 
L decemlineata eggs under laboratory, greenhouse, and field conditions. 
Estimates of the predator's search efficiency were shown to be an 
inverse function of prey density. Depending on L decemlineata egg mass 
density, mean attack rates ranged from 11.7-17.6, 10.4-20.1, and 0.6-
8.7 eggs in the laboratory, greenhouse, and field, respectively. The 
difference in prey density between the laboratory and field seems to be 
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the major contributing factor in determining the rate of predation 
whereas the difference in environmental conditions between the 
greenhouse and the field may explain the difference in predation rate 
obsen/ed between the greenhouse and field. If the results of predation 
studies are used to predict the impact of predators in biological 
control programs, it is imperative that the functional response be 
measured under conditions that the predators may encounter in the 
field. 
Foraging behavior study consisted of 4 h period observations of 
fourth instar C. maculata searching for L. decemlineata eggs at 3 prey 
densities (2.5, 10, and 35 egg masses/m2 of leaf area) in the 
greenhouse. Results indicated that C. maculata fourth instars found and 
attacked L decemlineata eggs, even at low prey density. As C. 
maculata larvae searched the potato plant canopy, they frequently 
crawled along the leaf edges and veins and visited both upper and lower 
surfaces of leaves. Fourth instar C. maculata exhibited both extrinsic 
and area-restricted search behaviors. Predators searched a greater leaf 
area and for longer at low prey density than at high prey density. 
Successful predators consumed approximately an average of 8 L. 
decemlineata eggs during the 4 h period and the handling time was 
approximately 8 minutes per egg. Predators consumed eggs partially 
after an entire consumption of the 3 first eggs. This consumptive 
behavior may result in increase of eggs destroyed by C. maculata fourth 
instars. At higher prey densities, predators spent more time resting 
than did predators at low prey density. 
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The developmental response experiments were conducted in the 
laboratory using three C. maculata populations from Iowa, Rhode Island, 
and Honduras. Preimaginal survival of C. maculata ranged from 1.7 to 
30%. The greatest mortality of C. maculata immature stages occurred 
during the early (first and second) instars. The relatively high number 
of early instars surviving for Rhode Island population compared to 
those surviving for Iowa and Honduras populations suggests that C. 
maculata has adapted feeding on L decemllneata eggs as early instars. 
However, this possible genetic variation in response to L. decemllneata 
as prey among the three populations needs further investigation. 
Development of C. maculata was slowest on L decemllneata eggs and 
fastest on aphids. However, when first and second instars were 
provided with aphids, followed by L decemllneata eggs, there was no 
observed delay in larval development. Late instars of C. maculata 
readily feed on L. decemllneata eggs, and in the presence of alternate 
prey such as aphids for early instars, L decemllneata eggs may be a 
very adequate diet for C. maculata development and survival. Females 
weighed more than males and there was no difference in weight 
between either males or females among the different populations, 
suggesting that L. decemllneata are as nutritious as aphids. 
Leptlnotarsa decemllneata as prey did not affect the sex ratio of the 
different populations. 
The reproductive response experiments were conducted in the 
laboratory. Results showed that L. decemllneata eggs are adequate prey 
for C. maculata egg production. A water and honey-Wheast® mixture 
was not sufficient for C. maculata reproduction but females remained 
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alive on this diet for up to 98 days. The preoviposition period was 
significantly shorter for C. maculata females feeding on A. pisum than 
for those feeding on L. decemlineata eggs regardless of the preimaginal 
diet. At the lowest L decemlineata egg density (2 eggs/day), females 
had longer preoviposition periods than at the 2 higher prey densities. 
I.nte.'-oviposltion periods and the numbers of days on which eggs were 
laid were not different among females. In addition, there was no 
difference in fecundity among females feeding on the different diets, 
even at a low prey density of 2 L decemlineata eggs per day. 
The implications for using C. maculata against L. decemlineata in 
potatoes are: 1) its foraging behavior allows this predator to find and 
attack L. decemlineata egg masses at low densities, 2) in presence of 
alternate food, this coccinellid survives and develops on L. 
decemlineata eggs, and 3) this predator reproduces on L decemlineata 
eggs, even at low densities. Therefore, C. maculata may be able to 
survive and persist in potatoes when prey are scarce. 
These studies of this coleopteran predator will be compared to 
those of Podisus maculiventris, a hemipteran predator of L. 
decemlineata, being conducted at Purdue University. Using this 
comparative approach, common search strategies and life history 
characteristics shared by both predatory species and used to subsist in 
potatoes may be determined. Thus, we will increase our understanding 
of predation and provide a basis for understanding predation in annual 
cropping systems. With this information changes in crop production can 
be designed to enhance predation, that will help prevent or delay pest 
outbreaks. 
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